Agent-based modelling of transitions towards sustainable construction material management: the case of Switzerland by Knöri, Christof
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2015
Agent-based modelling of transitions towards sustainable construction
material management: the case of Switzerland
Knöri, Christof
Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-121656
Dissertation
Published Version
Originally published at:
Knöri, Christof. Agent-based modelling of transitions towards sustainable construction material man-
agement: the case of Switzerland. 2015, University of Zurich, Faculty of Science.
	   
	  
	  
Agent-­‐based	  Modelling	  of	  Transitions	  towards	  	  
Sustainable	  Construction	  Material	  Management:	  
The	  Case	  of	  Switzerland	  
	  
	  
	  
Dissertation	  
zur	  
Erlangung	  der	  naturwissenschaftlichen	  Doktorwürde	  
(Dr.	  sc.	  nat.)	  
vorgelegt	  der	  
Mathematisch-­‐naturwissenschaftlichen	  Fakultät	  
der	  
Universität	  Zürich	  
von	  Christof	  Knöri	  	  
von	  Zweisimmen,	  BE	  
	  
	  
Promotionskomitee	  Prof.	  Dr.	  Claudia	  R.	  Binder	  (Leitung	  der	  Dissertation)	  Dr.	  Hans-­‐Jörg	  Althaus	  Prof.	  Dr.	  Michael	  Schaepman	  (Vorsitz)	  
	  
	  
Zürich,	  2015	   	  
	   
	  
	  
	  
	  
	  
	  
Summary	   	   3	  
 
Summary	  
Problem:	  A	  transition	  towards	  sustainable	  construction	  materials	  management	  presents	  one	  of	  the	  bigger	  challenges	  of	  the	  21st	  century,	  with	  construction	  materials	  among	  the	  most	  heavily	   consumed	   commodities	   globally	   and	   increasing	   construction	   &	   demolition	   (C&D)	  waste	  streams.	  Thus,	  reusing	  C&D	  waste	  as	  recycled	  mineral	  construction	  materials	  (RMCM)	  
has	   been	   considered	   as	   a	   potential	   solution.	   However,	   despite	   proven	   and	   standardised	  
technical	   feasibility	  RMCM	  are	  not	  yet	  broadly	  accepted	  and	  environmental	  benefits	  of	  RMCM	  
compared	   to	   conventional	   materials	   were	   still	   unclear.	   Therefore	   a	   better	   understanding	   of	  
supply	  and	  demand	  of	  RMCM	  and	  respective	  environmental	  implications	  was	  necessary.	  
Goals:	   This	   research	   aimed	   to	   fill	   this	   gap	   by	   developing	   an	   agent-­‐based	   model	   to	  simulate	   socio-­‐technical	   transitions	   towards	   a	   more	   closed-­‐loop	   construction	   material	  
management,	   and	   on	   this	   basis,	   provide	   recommendations	   for	   sustainable	   construction	  material	  management.	  
Methods:	  These	  goals	  were	  addressed	  by	  the	  means	  of	  the	  Swiss	  construction	  material	  case	   study.	   The	   research	   was	   structured	   in	   four	   modules,	   (i)	   a	   material	   flow	   model	   of	  
potential	  RMCM	  supply,	   (ii)	  an	  empirical	  operationalization	  of	  actors’	  decisions	  and	   interaction	  
regarding	  the	  demand	  for	  RMCM,	   (iii)	  an	  agent-­‐based	  socio-­‐technical	  model	   integrating	  supply	  
and	  demand,	  and	  (iv)	  a	  life-­‐cycle	  assessment	  (LCA)	  of	  RMCMs’	  environmental	  impacts.	  	  
Results:	  The	  agent	  operationalization	  approach	  was	  developed	  to	  provide	  a	  comprehensive	  framework	   to	   empirically	   operationalize	   key	   system	   agents,	   their	   interaction,	   decision-­‐making	  and	  behaviour	  and	  thus	  addressing	  major	  shortcomings	   limiting	  an	  exploitation	  of	  ABM’s	  full	  potential.	  	  
Reusing	  C&D	  waste	  for	  RMCM	  showed	  a	  significant	  supply	  potential,	  where	  up	  to	  40%	  of	  the	  
natural	   aggregates	   in	   structural	   engineering	   (SE)	   could	   be	   substituted.	   Despite	   this	   potential,	  
construction	  stakeholders	  in	  SE	  still	  mainly	  preferred	  conventional	  materials	  in	  contrast	  to	  their	  
colleagues	  in	  civil	  engineering	  where	  RMCM	  was	  an	  accepted	  option.	  	  
Two	   factors	  were	   key	   to	   enhance	   the	  demand	   for	  RMCM	   in	   SE:	   first	   extensive	   information	  
campaigns	   as	  RMCM	  were	  not	   considered	  as	   an	  option	  on	  a	   regular	   basis,	   and	   second	   linking	  
initial	   sustainable	   construction	   specifications	   with	   RMCM.	   The	   scenario	   analysis	   showed	   that	  
information	   campaigns	   together	  with	   small	   price	   incentives	   could	   increase	   the	   demand	   up	   to	  
70%	   of	   all	   RMCM	   applications	   and	   consequently	   about	   50%	   of	   expected	   C&D	  waste	   volumes	  
could	  be	  reused.	  	  
The	  environmental	  impacts	  assessment	  demonstrated	  clear	  benefits	  (about	  30%)	  for	  recycled	  
concrete	   compared	   to	   conventional	   concrete,	   mainly	   originating	   from	   avoided	   pig-­‐iron	  
production	   and	   C&D	   waste	   disposal,	   and	   stand	   as	   long	   as	   additional	   amount	   of	   cement	   and	  
transport	   distances	   for	   RC	   are	   limited.	   Applying	   these	   results	   to	   the	   simulation	   outcomes	  
revealed	   a	   possible	   total	   environmental	   impact	   reduction	   from	   the	   concrete	   production	   in	  
	   
Switzerland	  of	   approximately	   20%.	   Therefore,	   C&D	  waste	   reuse	   for	   RMCM	  present	   a	   valuable	  
transition	  pathway	  toward	  a	  more	  sustainable	  construction	  material	  management.	  
Conclusion:	   This	   research	   achieved	   an	   in-­‐depth	   understanding	   of	   construction	  stakeholders’	   demand	   patterns	   for	   RMCM	   depending	   on	   potential	   supply	   of	   RMCM,	   and	  revealed	   environmental	   implications	   of	   transitions	   towards	   closed-­‐loop	   construction	  material	   management.	   It	   also	   contributed	   to	   the	  methodological	   development	   by	   developing	  
the	   agent-­‐operationalization	   approach,	   providing	   a	   context	   specific	   agent-­‐based	   model	   of	   a	  
socio-­‐technical	  transition,	  and	  integrating	  agent-­‐based	  modelling	  and	  life	  cycle	  assessment.	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Zusammenfassung	  
Problemstellung:	   Nachhaltiges	   Baustoffmanagement	   ist	   sowohl	   aus	   der	   Ressourcen-­‐	   wie	  
auch	   aus	   der	   Abfallperspektive	   zentral	   für	   das	   Funktionieren	   westlicher	   Gesellschaften.	   In	  
Industrienationen	  gehören	  Baumaterialien	  zu	  den	  meist	  konsumierten	  Gütern	  und	  Bauabfall	  zu	  
den	  größten	  Abfallströmen.	  Diese	  Verhältnisse	  scheinen	  sich	   in	  Zukunft	  aufgrund	  ansteigender	  
Bevölkerungszahlen,	   verdichteter	  Bauweise	  und	  knapper	  werdenden	  Deponievolumen	  noch	  zu	  
verschärfen.	  Als	  Lösung	  wird	  vermehrt	  die	  Wiederaufbereitung	  von	  mineralischem	  Bauabfall	  zu	  
Recyclinggranulat	   zur	   Substitution	   von	   natürlichem	   Sand	   und	   Kies	   diskutiert.	   Obwohl	   das	  
Angebot	   an	   Sekundärbaustoffen,	   die	   Normierung	   dieser	   Baustoffe	   und	   die	   Errichtung	   von	  
Referenzobjekten	  für	  deren	  Einsatz	  sprechen,	  ziehen	  Bauakteure	  in	  der	  Schweiz	  -­‐	   insbesondere	  
im	   Hochbau	   -­‐	   mehrheitlich	   konventionelle	   Baustoffe	   vor.	   Darüberhinaus	   werden	   auch	   die	  
ökologischen	   Vorteile	   von	   Sekundärbaustoffen	   im	   Vergleich	   zu	   konventionellen	   Baustoffen	   in	  
Frage	  gestellt.	   Ein	  besseres	  Verständnis	   von	  Angebot	  und	  Nachfrage	  nach	  Sekundärbaustoffen	  
sowie	  deren	  Umweltauswirkungen	  sind	  daher	  erforderlich.	  
Ziele:	   Das	   Ziel	   dieser	   Forschungsarbeit	   war	   die	   Entwicklung	   eines	   agentenbasierten	   sozio-­‐
technischen	   Modells	   zur	   Simulation	   von	   Transformationsprozessen	   hin	   zu	   geschlossenen	  
Stoffkreisläufen	   und	   daraus	   Empfehlungen	   für	   ein	   nachhaltiges	   Baustoffmanagement	  	  
abzuleiten.	  
Methoden:	   Der	   Schweizer	   Baustoffmarkt	   hat	   als	   Fallstudie	   gedient,	   um	   diese	   Ziele	  
anzugehen.	   Das	   Forschungsvorhaben	  wurde	   in	   folgende	   vier	   Analysemodule	   aufgeteilt:	   (i)	   ein	  
Materialflussmodul	   zur	  Bestimmung	  des	  potentiellen	  Angebots	   an	   Sekundärbaustoffen,	   (ii)	   ein	  
Modul	   zur	   empirischen	   Operationalisierung	   von	   Akteuren,	   deren	   Interaktion	   und	  
Entscheidungen	   hinsichtlich	   der	   Nachfrage	   nach	   Sekundärbaustoffen,	   (iii)	   ein	   Modul	   für	   ein	  
agentenbasiertes	   sozio-­‐technisches	  Modell	   zur	   Integration	   von	   Angebot	   und	  Nachfrage,	   sowie	  
(iv)	  ein	  Modul	  zur	  Beurteilung	  der	  Umweltauswirkungen.	  	  	  
Ergebnisse:	   Der	   „Agenten-­‐Operationalisierungansatz“	   kombiniert	   partizipative	   und	  
sozialwissenschaftliche	   Methoden,	   um	   Akteure	   sowie	   deren	   Interaktionen	   und	  
Entscheidungsprozesse	   empirisch	   zu	   bestimmen	   und	   einfach	   in	   kontextspezifische	  Modelle	   zu	  
integrieren.	  Somit	  geht	  dieser	  Ansatz	  wichtige	  Kritikpunkte	  der	  agentenbasierten	  Modellierung	  
(ABM)	  an,	  welche	  bisher	  eine	  volle	  Ausschöpfung	  des	  Potentials	  der	  Methode	  verhindert	  haben.	  
Die	   Wiederverwertung	   von	   Bauabfall	   in	   Sekundärbaustoffen	   hat	   in	   der	   Schweiz	   großes	  
Potential.	   So	   könnte	   zum	   Beispiel	   bis	   zu	   40%	   der	   heutigen	   Kies-­‐	   und	   Sandnachfrage	   für	   die	  
Betonproduktion	   im	   Hochbau	   durch	   Recyclingaggregate	   substituiert	   werden.	   Trotz	   dieses	  
potentiellen	   Angebots	   liegt	   die	   Nachfrage	   nach	   Sekundärbaustoffen	   im	   Hochbau	   bei	   nur	   11%	  
und	   Bauakteure	   ziehen	   mehrheitlich	   konventionelle	   Baustoffe	   vor.	   Anders	   im	   Tiefbau,	   wo	  
Sekundärbaustoffe	  mit	  einem	  Marktanteil	  von	  über	  30%	  bereits	  gut	  etabliert	  sind.	  
	   
Sensitivitätsanalysen	   haben	   gezeigt,	   dass	   weniger	   die	   Entscheidungskriterien	   oder	   deren	  
Gewichtung,	  sondern	  vielmehr	  die	  Bekanntheit	  von	  Recyclingbeton	  für	  die	  Nachfrage	  zentral	  ist,	  
welcher	   bisher	   nicht	   standardmäßig	   als	   Entscheidungsoption	   berücksichtigt	   wurde.	  
Insbesondere	   ist	  eine	  Assoziation	  von	  nachhaltigem	  Bauen	  mit	  Rückbaustoffen	  bei	  Architekten	  
und	   Ingenieuren	   entscheidend.	  Durch	   konsequentes	   Informieren	   der	   Bauakteure	   ließe	   sich	   im	  
Hochbau	  längerfristig	  die	  Nachfrage	  nach	  Recyclingbeton	  von	  momentan	  11%	  auf	  rund	  50%	  (und	  
bis	   zu	   70%	   in	   Kombination	   mit	   Preisvorteilen)	   steigern.	   Dadurch	   könnten	   im	   Hochbau	   der	  
gesamte	  Betonabbruch	  sowie	  rund	  50%	  des	  Mischabbruchs	  wiederverwertet	  werden.	  	  
Die	  Ökobilanzierung	  hat	  gezeigt,	  dass	  die	  Umweltauswirkungen	  von	  Recyclingbeton	  um	  bis	  zu	  
30%	   geringer	   sind	   als	   die	   von	   konventionellem	   Beton.	   Dieser	   Unterschied	   kann	   hauptsächlich	  
durch	   den	   Umweltnutzen	   aus	   der	   Vermeidung	   von	   Entsorgungsprozessen	   und	   der	  
Rückgewinnung	   von	   Armierungsstahl,	   welcher	   durch	   die	   Produktion	   von	   Recyclingbeton	  
verursacht	  wird,	  erklärt	  werden.	  Solange	  die	  zusätzlichen	  Transportdistanzen	  für	  Recyclingbeton	  
nicht	  weiter	  als	  15km	  und	  dessen	  Mehrzementbedarf	  nicht	  über	  10%	  liegt,	  bleibt	  Recyclingbeton	  
umweltfreundlicher	   als	   konventioneller	   Beton.	   Werden	   diese	   Resultate	   mit	   denen	   des	   sozio-­‐
technischen	   Modells	   kombiniert,	   so	   zeigt	   sich,	   dass	   die	   gesamte	   durch	   die	   Betonproduktion	  
verursachte	  Umweltbelastung	  um	  rund	  20%	  gesenkt	  werden	  könnte.	  Daher	   lässt	   sich	  ableiten,	  
dass	   die	   Wiederverwertung	   von	   Bauabfall	   in	   Sekundärbaustoffen	   einen	   wertvollen	  
Entwicklungspfad	  hin	  zu	  nachhaltigem	  Baustoffmanagement	  darstellt.	  
Schlussfolgerungen:	  Mit	  dieser	  Dissertation	  ist	  ein	  vertieftes	  Verständnis	  von	  Entscheidungs-­‐	  
und	  Verhaltensdynamiken	  von	  Bauakteuren	  hinsichtlich	  der	  Nachfrage	  nach	  Sekundärbaustoffen	  
und	  den	  potentiellen	  Umweltauswirkungen	  von	  Transformationsprozessen	  hin	  zu	  geschlossenen	  
Stoffkreisläufen	   geschaffen	   worden.	   Darüberhinaus	   konnte	   ein	  methodischer	   Beitrag	   geleistet	  
werden.	   Einerseits	   durch	   die	   Entwicklung	   des	   „Agenten-­‐Operationalisierungansatz“	   und	   eines	  
kontextspezifischen,	   agentenbasierten	   Modells	   zur	   Simulation	   von	   sozio-­‐technischen	  
Transformationsprozessen.	   Anderseits	   durch	   die	   Verknüpfung	   von	   agentenbasierter	  
Modellierung	  und	  Ökobilanzierung.	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1 Introduction	  
1.1 Sustainable	  construction	  material	  management	  A	  transition	  towards	  sustainable	  construction	  materials	  management	  presents	  one	  of	  the	  bigger	   challenges	  of	   the	  21st	   century,	  with	   construction	  materials	   among	   the	  most	  heavily	  consumed	   commodities	   globally,	   increasing	   construction	   &	   demolition	   (C&D)	   waste	  streams,	  and	  consequently	  significant	  environmental	  impacts.	  	  
Firstly,	   concrete	   is	   the	  most	   heavily	   consumed	  material	   in	   the	   construction	   sector	   and	   the	  
second	  most	  heavily	  consumed	  substance	  on	  Earth	  after	  water	  (Weil,	   Jeske,	  &	  Schebek,	  2006).	  
The	  estimated	  worldwide	  concrete	  consumption	  was	  between	  21	  and	  31	  billion	  tonnes	  in	  2006	  
(WBCDS,	  2009).	  This	   increasingly	  puts	  pressure	  on	  natural	  gravel	   recourses,	  and	  although	  they	  
are	  often	  considered	  as	  abundant,	  it	  will	  potentially	  increase	  conflicts	  with	  alternative	  uses	  (i.e.	  
nature	   reserve	   areas,	   groundwater	   protection,	   flood	   protection,	   and	   renaturation	   projects)	  
(Kind,	  Müller,	  Vogt,	  &	  Suter,	  2006;	  Redle,	  1999).	  
Secondly,	  C&D	  waste	  already	  comprises	  the	  largest	  waste	  fraction	  in	  industrialized	  countries	  
(Schachermayer,	   Lahner,	  &	   Brunner,	   2000),	   and	   is	   expected	   to	   increase	   in	   the	   future.	   Studies	  
from	  the	  Netherlands	  (Muller,	  2006)	  and	  Norway	  (Bergsdal,	  Brattebo,	  Bohne,	  &	  Mueller,	  2007)	  
show	  this	  trend	  for	  countries	  of	  the	  European	  Union,	  Hashimoto	  et	  al.	  (2007)	  for	  Japan	  and	  Hao	  
et	  al.	  (2007)	  for	  Hong	  Kong.	  	  
These	   vast	   and	   increasing	  material	   streams	  do	  not	   come	  without	   ecological	   consequences.	  
For	  example	  the	  carbon	  footprint	  from	  cement	  production	  is	  estimated	  to	  account	  for	  about	  5%	  
of	  the	  global	  carbon	  emissions	  (Huntzinger	  &	  Eatmon,	  2009;	  van	  Oss	  &	  Padovani,	  2003;	  Worrell,	  
Price,	   Martin,	   Hendriks,	   &	   Meida,	   2001).	   Further,	   environmental	   impacts	   from	   C&D	   waste	  
disposal	  are	  starting	  to	  accumulate	  although	  C&D	  waste	  contains	  mostly	   inert	  materials	  (Doka,	  
2007;	  Hashimoto	  et	  al.,	  2007;	  Weil	  et	  al.,	  2006).	  
To	  address	  both	  of	   these	   issues,	  C&D	  waste	   reuse	  as	  aggregate	   substitutes	   for	   concrete	  or	  
roads	  aggregates	  has	  been	  considered	  as	  a	  valuable	  option	  to:	  
• substitute	  primary	  aggregates	  (Blum	  &	  Stutzriemer,	  2007;	  Rao,	  Jha,	  &	  Misra,	  2007;	  Weil	  et	  al.,	  
2006),	  	  
• reduce	  the	  C&D	  waste	  deposition	  (Hiete,	  Stengel,	  Ludwig,	  &	  Schultmann,	  2011;	  Lawson	  et	  al.,	  
2001;	   Woodward	   &	   Duffy,	   2011),	   where	   space	   for	   landfills	   is	   increasingly	   scarce	   (Duran,	  
Lenihan,	  &	  O'Regan,	  2006;	  WBCDS,	  2009),	  and	  to	  	  
• reduce	  associated	  environmental	  impacts	  (Fatta	  et	  al.,	  2003;	  Jang	  &	  Townsend,	  2001).	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1.2 C&D	  waste	  reuse	  for	  recycled	  mineral	  construction	  materials	  (RMCM)	  Three	  general	  issues	  relate	  to	  the	  reuse	  of	  C&D	  waste	  to	  substitute	  aggregates	  in	  recycled	  mineral	  construction	  materials	  (RMCM):	  material	  flow,	  acceptance,	  and	  ecological	  issues.	  
1.2.1 Material	  flow	  issues	  
In	  Switzerland,	  the	  already	   large	  amounts	  of	  C&D	  waste	  (i.e.	  about	  11	  million	  tons	   in	  1997)	  
are	  likely	  to	  increase	  because	  of	  the	  increasing	  requirements	  of	  housing	  space	  per	  capita	  and	  the	  
decreasing	   availability	   of	   construction	   land,	   leading	   to	   increased	   demolition	   of	   old	   buildings	  
(FOEN,	  2004).	  Depending	  on	  the	  construction	  scenario,	  expected	  volumes	  of	  C&D	  waste	  per	  year	  
in	   2050	   range	   from	   20	   to	   65	  million	   tons	   (Moser,	   Bertschinger,	   Hugener,	   Richner,	   &	   Richter,	  
2004).	   However,	   about	   80%	   of	   the	   C&D	   waste	   is	   currently	   recycled	   (FSO,	   2010).	   This	  comparably	   high	   recycling	   rate	   is	   mainly	   due	   to	   high	   on-­‐site	   recycling	   rates	   in	   civil	  engineering	  (CE),	  where	  about	  94%	  of	  the	  C&D	  waste	  is	  reused	  (FOEN,	  2001a,	  2005).	  C&D	  waste	   from	   structural	   engineering	   (SE)	   is	   usually	   down-­‐cycled	   (i.e.	   used	   in	   low-­‐grade	  applications	   such	   as	   lean	   concrete)	   or	   landfilled	   (FOEN,	   2001a;	   Spoerri,	   Lang,	   Binder,	   &	  Scholz,	   2009).	  Recycling	  on	   the	  same	  application	   level,	  e.g.	   recycling	  concrete	   into	  high-­‐grade	  
concrete,	  covers	  just	  1.7	  million	  tons	  out	  of	  9	  million	  tons	  RMCM	  per	  year	  (FOEN,	  2004).	  With	  an	  
expected	   decrease	   in	   construction	   activity	   in	   CE	   and	   increasing	   C&D	   waste	   streams	   from	   SE,	  
down-­‐cycling	  will	  not	  be	  sufficient	  to	  maintain	  the	  overall	  recycling	  rate	  and	  thus,	  more	  closed	  
loop	  recycling	  might	  be	  required.	  
1.2.2 Acceptance	  issues	  
Recycled	  concrete	  (RC)	  presents	  one	  such	  closed	  loop	  recycling	  option	  for	  C&D	  waste	  streams	  
from	   SE.	   Although	   properties	   of	   RC	   differ	   slightly	   from	   conventional	   concrete	   the	   technical	  potential	  of	  using	  RC	  for	  structural	  concrete	  applications	  has	  been	  demonstrated	  in	  various	  research	  projects	  (Hoffmann	  &	  Jacobs,	  2007;	  Li,	  2008;	  Poon,	  Kou,	  Wan,	  &	  Etxeberria,	  2009;	  Rao	   et	   al.,	   2007).	   In	   addition,	   these	   applications	   have	   already	   been	   incorporated	   in	  legislation	  and	  standards	  (FOEN,	  2006;	  KBOB,	  2007;	  SIA,	  2010)	  and	  reference	  projects	  have	  demonstrated	  their	  practicability	  (Hofmann	  &	  Patt,	  2006).	  However,	  even	  though	  RMCM	  are	  technically	   feasible,	   regulated,	   and	   successful	   application	   examples	   are	   available;	   they	   are	  not	  yet	  broadly	  applied	  in	  Switzerland.	  This	  has	  been	  related	  to	  construction	  stakeholders’	  lack	  of	  acceptance	  of	  RMCM	  and	  their	  clear	  preferences	  for	  conventional	  materials	  (Moser	  et	  al.,	  2004;	  Spoerri	  et	  al.,	  2009).	  In	  particular	  SE	  stakeholders	  still	  use	  conventional	  materials	  for	  high-­‐grade	  applications.	  Thus,	  a	   transition	   from	  an	  established	  trajectory	  of	  action	  (i.e.	  use	   of	   conventional	   materials)	   to	   an	   alternative	   trajectory	   of	   action	   (i.e.	   use	   of	   recycled	  materials)	  is	  required	  (Blum	  &	  Stutzriemer,	  2007).	  
1.2.3 Ecological	  issues	  
A	   range	   of	   studies	   indicate	   that	   different	   applications	   of	   RMCM	   have	   lower,	   or	   at	   least	  
comparable	   environmental	   impacts	   than	   conventional	   construction	   materials	   (Cassina,	   Plüss,	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Sutter,	   Angst,	   &	   Kronig,	   2002;	   Hoffmann,	   Figi,	   &	   Leemann,	   2006;	   Hugener,	   Deschwanden,	   &	  
Bähler,	   1999;	   Sani,	   Moriconi,	   Fava,	   &	   Corinaldesi,	   2005;	   Tam,	   Gao,	   &	   Tam,	   2006).	   However,	  
environmental	  benefits	  of	  high-­‐grade	  RC	  applications	  have	  been	  in	  doubt	  (Holcim,	  2010).	  Since	  
cement	   is	   the	   main	   contributor	   to	   many	   environmental	   impacts	   (e.g.	   Carbon	   Footprint)	   of	  
concrete,	   additional	   cement	   use	   for	   RC	   due	   to	   the	   larger	   grain	   surface	   area	   of	   recycled	  
aggregates	   (Cabral,	   Schalch,	   Carpena,	  &	  Duarte,	   2010;	   Fonseca,	   de	   Brito,	  &	   Evangelista,	   2011;	  
Hoffmann	   &	   Jacobs,	   2007;	   Limbachiya,	   Marrocchino,	   &	   Koulouris,	   2007)	   might	   outweigh	  
potential	   benefits	   of	   natural	   aggregate	   substitution	   (Weil	   et	   al.,	   2006).	   In	   addition,	   transport	  
distances	   and	   types	   (Marinkovic,	   Radonjanin,	   Malesev,	   &	   Ignjatovic,	   2010),	   and	   C&D	   waste	  
composition	  and	  treatment	  (Mercante,	  Bovea,	  Ibáñez-­‐Forés,	  &	  Arena,	  2011)	  have	  been	  found	  to	  
significantly	   affect	   the	   impact	   balance	   of	   RC.	   This	   implies	   that	   environmental	   benefits	   of	  
different	   RC	   mixtures	   in	   comparison	   with	   conventional	   concrete	   (CC)	   are	   still	   uncertain.	  
Furthermore,	   the	   sensitivity	   of	   such	   a	   comparison	   to	   additional	   cement	   for	   RC,	   C&D	   waste	  
composition,	  and	  different	  transport	  distances	  is	  yet	  unclear.	  	  
1.3 A	  transition	  towards	  sustainable	  construction	  materials	  management	  
As	  outlined	   above,	   RMCM	   for	   high-­‐grade	   applications	  might	   have	   the	  potential	   to	  mitigate	  
the	  environmental	  impacts	  of	  the	  large	  and	  increasing	  amounts	  of	  C&D	  waste,	  but	  are	  currently	  
not	   broadly	   accepted	   nor	   applied	   in	   Switzerland.	   Therefore,	   a	   transition	   towards	   a	   more	  
sustainable	  construction	  materials	  management	  is	  required.	  	  
Generally,	  a	  transition	  can	  be	  defined	  as	  a	  gradual,	  continuous	  process	  of	  a	  system	  (e.g.	  firm,	  
society)	  change	  where	  the	  structural	  character	  of	  the	  system	  transforms	  (Binder,	  2005;	  Martens	  
&	   Rotmans,	   2005).	   It	   has	   been	   described	   as	   the	   phase	   of	   adaptation	   in	   which	   new	   socio-­‐
ecological	   and	   socio-­‐technical	   regimes	   emerge	   and	  which	   lies	   in	   between	   two	   successive	   and	  
more	   stable	   periods	   of	   development	   (Fischer-­‐Kowalski	   &	   Haberl,	   2007;	   Geels	   &	   Schot,	   2007;	  
Malaska,	  1994;	  Rotmans	  &	  Loorbach,	  2009).	  
Geels	   (2002)	   describes	   technological	   transitions	   as	   a	   change	   of	   the	   socio-­‐technical	   regime,	  
where	   the	   relation	   among	   the	   individual	   aspects	   of	   such	   regimes	   change	   (i.e.	   infrastructure,	  
technologies,	  markets	  and	  user	  practices,	  sectorial	  policies,	  techno-­‐specific	  knowledge,	  industrial	  
networks,	  and	  cultural	  and	  symbolic	  meaning).	  Furthermore,	  these	  socio-­‐technical	  regimes	  and	  
their	   transformation	   are	   situated	   and	   influenced	   by	   broader	   landscape	   transformations	   and	  
small-­‐scale	   niche	   innovations,	   as	   described	  by	   the	  multi-­‐level	   perspective	   (Geels,	   2002,	   2005).	  
Landscape	  here	  refers	  to	  a	  broader,	  usually	  more	  slowly	  changing,	  external	  structure	  or	  context	  
for	   interactions	  of	  actors	   in	   the	   regime.	  Niches,	  on	   the	  other	  hand	  are	  protected	   from	  normal	  
market	   selection	   mechanism	   within	   the	   regimes	   and	   therefore	   allow	   for	   radical	   technical	  
innovations	   as	   well	   as	   supporting	   social	   networks	   to	   emerge	   (Geels,	   2002).	   Therefore,	   a	  
successful	  transition	  can	  be	  described	  as	  the	  process	  where	  niche	  innovations	  flourish	  and	  slowly	  
change	   the	   dominant	   socio-­‐technical	   regime,	   potentially	   supported	   be	   exogenous	   structural	  
factors,	  and	  eventually	  establish	  a	  new	  regime	  configuration.	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Hence	   construction	   materials	   management	   systems	   can	   be	   described	   as	   socio-­‐technical	  
regimes.	   Key	   regime	   items	   would	   be	   mainstream	   materials	   applications	   (i.e.	   technologies),	  
construction	   stakeholders’	  material	   preferences	   (i.e.	   user	  practices),	   norms	  and	   standards	   (i.e.	  
sectorial	   policies),	  material	   research	   and	   experience	   (i.e.	   techno-­‐specific	   knowledge),	  material	  
supply	   and	   demand	   networks	   (i.e.	   industrial	   networks),	   image	   and	   trends	   (i.e.	   cultural	   and	  
symbolic	   meaning),	   and	   structural	   and	   civil	   engineering	   stock	   (i.e.	   infrastructure).	   This	  
conceptualisation	   immediately	   reveals	   that	   any	   transition	   in	   the	   construction	   sector	   is	   a	  
multifaceted	   issue	   and	   that	   single-­‐handed	   efforts	   (e.g.	   material	   niche	   innovations)	   might	   be	  
doomed	  to	  fail.	  In	  addition	  and	  as	  outlined	  above,	  environmental	  benefits	  of	  recycled	  materials	  
have	  been	  questioned.	  Although	  recycling	  is	  generally	  seen	  as	  favourable,	  a	  transition	  towards	  a	  
system	  with	  more	  or	  closed	  loop	  recycling	  might	  not	  necessarily	  be	  more	  sustainable.	  
1.4 Understanding	  supply	  and	  demand,	  and	  related	  environmental	  impacts	  
In	  broad	  terms	  it	  can	  be	  said	  that	  sustainable	  construction	  materials	  management	  depends,	  
(i)	  on	  an	   in-­‐depth	  understanding	  of	  materials	  available	   (i.e.	   supply),	  and	  actors,	   their	  decisions	  
and	   interaction	   affecting	   the	   demand;	   (ii)	   a	   robust	   analysis	   of	   the	   sustainability	   of	   alternative	  
material	  options	  compared	  to	  conventional	  materials.	  These	  two	  research	  gaps	  are	  elaborated	  
on	  below.	  
1.4.1 Supply	  and	  demand	  for	  RMCM	  
In	  order	  to	  assess	  the	  potential	  supply	  of	  future	  recycled	  materials	  it	  is	  essential	  to	  determine	  
future	  waste	   streams	  under	  different	   scenarios.	   It	  has	  been	   shown	   that	  material	   stocks	   in	  use	  
and	   their	   lifetime	   could	   be	   used	   as	   determinants	   to	   calculate	   resource	   demand	   and	   waste	  
generation	  in	  the	  future	  (Baccini	  &	  Brunner,	  2012).	  To	  determine	  future	  material	  flows	  it	  can	  be	  
assumed	  that	  users	  are	  not	  primarily	  interested	  in	  the	  material	  flows	  but	  rather	  in	  the	  services	  
they	   provide.	   Therefore	   services	   (e.g.	   usable	   floor	   are	   for	   SE)	   are	   suggested	   to	   be	   the	   main	  
drivers	  of	  material	  stocks	  in	  use	  to	  and	  corresponding	  waste	  flows	  (Muller,	  1998,	  2006).	  	  
In	  Switzerland	  various	  studies	  have	  analysed	  current	  and	  potential	  future	  resource	  and	  waste	  
flows	   in	   the	   construction	   sector	   on	   different	   scales	   (FOEN,	   2001a,	   2001b;	   Kohler	   et	   al.,	   1994;	  
Kohler,	   Hassler,	  &	   Paschen,	   1999;	   Lichtensteiger,	   1998,	   2006;	   Redle,	   1999;	   Schneider	  &	   Rubli,	  
2007).	  Most	   of	   these	   focused	   on	   resource	   flows	   from	   and	   to	   SE	   (i.e.	   buildings,	   fewer	   studies	  
focused	  on	  CE	   so	   far	   (Redle,	   1999;	   Tanner,	   2005)).	  However,	   although	   these	   studies	   generally	  
demonstrate	   the	  great	  potential	  of	   reuse	   to	  mitigate	  C&D	  waste	  disposal,	   they	   rarely	  consider	  
the	  demand	  side	  implications	  of	  such	  transition.	  
The	   slow	   adoption	   of,	   in	   particular,	   high-­‐grade	   RMCM	   applications	   led	   to	   a	   shift	   of	   focus	  
towards	  demand	   for	  RMCM	  (Moser	  et	  al.,	   2004;	   Spoerri,	   2006;	   Spoerri	   et	  al.,	   2009;	  Uebersax,	  
2005)	  and	   to	   the	  question	  of:	  What	   triggers	  or	  hinders	  higher	  demand	   for	  RMCM?	  Frist	  of	  all,	  
cost	   contemplations	   are	   brought	   up	   to	   be	   among	   the	   main	   factors	   affecting	   the	   demand	   of	  
RMCM	  (Loughlin	  &	  Barlaz,	  2006;	  Spoerri	  et	  al.,	  2009).	  However,	  with	  RMCM	  often	  priced	  in	  the	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same	  range	  as	  conventional	  materials	  (Robinson,	  Menzie,	  &	  Hyun,	  2004)	  decision	  criteria	  other	  
than	  price	  are	   likely	  to	  tip	  the	  balance	   in	  construction	  stakeholders’	  decisions.	  Consequently,	  a	  
variety	   of	   criteria	   has	   been	   identified	   acting	   as	   barriers	   for	   a	  more	  widespread	   use	   of	   RMCM	  
including;	   lack	  of	   information	  about	  technical	  properties	  and	  environmental	   impacts	  of	  RMCM,	  
clear	  quality	  standards,	  governmental	  support	  and	  appropriately	  located	  recycling	  facilities,	  the	  
“waste”	   image	   of	   RMCM	   and	   the	   availability	   of	   landfill	   as	   a	   cheap	   option	   for	   C&D	   waste	  
treatment	  (Blum	  &	  Stutzriemer,	  2007;	  Huang,	  Bird,	  &	  Heidrich,	  2007;	  Moser	  et	  al.,	  2004;	  Poon,	  
2007;	  Rao	  et	  al.,	  2007;	  Robin	  &	  Poon,	  2009;	  Spoerri	  et	  al.,	  2009).	  However,	  it	  is	  so	  far	  unknown	  
how	   these	   criteria	   differ	   regarding	   different	   stakeholders,	   applications	   and	   material	   types	  
involved,	  and	  how	  they	  quantitatively	  affect	  the	  individual	  decisions.	  	  
An	  additional	   factor,	  which	  may	  play	  an	   important	  role	   in	  changing	  stakeholders’	  behaviour	  
towards	   more	   use	   of	   RMCM	   are	   the	   decision	   heuristics.	   Decision-­‐making	   under	   uncertainty	  
(Amihud	  &	  Lev,	  1981;	  Finucane,	  Alhakami,	  Slovic,	  &	  Johnson,	  2000)	  and	  adherence	  to	  the	  status	  
quo	  (Pettigrew,	  1973)	  may	  cause	  lock-­‐in	  effects,	  preventing	  adoption	  of	  emerging	  technologies	  
(Berkhout,	   2002;	   Unruh,	   2000;	  Witt,	   1997).	   As	   individuals	   use	   decision	   heuristics	   to	   different	  
degrees	   according	   to	   different	   roles	   (Busenitz	   &	   Barney,	   1997),	   it	   is	   key	   to	   understand	   how	  
construction	  stakeholders	  interact	  when	  deciding	  about	  RMCM.	  
Based	  on	  these	  observations	  the	  first	  research	  gap	  targeted	  by	  this	  research	  was	  identified.	  
 
1.4.2 Sustainability	  assessment	  of	  construction	  materials	  
Sustainability	  is	  traditionally	  divided	  into	  the	  three	  pillars	  environmental,	  economic	  and	  social	  
sustainability	   (World	  Commission	  on	  Environment	  and	  Development,	  1987).	  Regarding	  mineral	  
construction	  materials	  in	  Switzerland,	  social	  sustainability	  might	  be	  of	  minor	  concerns	  as	  mining	  
and	   processing	   those	   seems	   to	   have	   minor	   direct	   health	   impact	   (Hugener,	   Emmenegger,	   &	  
Mattrel,	   2006),	   compared	   to	   for	   example	   metal	   mining	   activities.	   With	   material	   costs	   only	  
representing	  a	  minor	  fraction	  of	  overall	  construction	  costs,	  and	  potential	  winners	  (i.e.	  recycling	  
industry)	   and	   losers	   (i.e.	   natural	   aggregates	   mining)	   of	   a	   transition	   toward	   a	   closed-­‐loop	  
recycling	  system	  balancing	  out	  economic	  impacts,	  the	  economic	  sustainability	  of	  such	  transition	  
is	  not	  heavily	  questioned	  either.	  However,	  concerns	  regarding	  the	  environmental	  sustainability	  
of	  C&D	  waste	  reuse	  were	  raised	  (Holcim,	  2010;	  Marinkovic	  et	  al.,	  2010;	  Weil	  et	  al.,	  2006).	  
Assessing	  the	  ecological	   sustainability	   is	   strongly	   linked	  with	   the	   life	  cycle	  assessment	   (LCA)	  
approach	   standardized	   by	   ISO	   (ISO,	   2006a,	   2006b).	   Although	   there	   are	   other	   methods	   for	  
environmental	   sustainability	   assessment	   such	   as	   environmentally	   extended	   input-­‐output	  
analysis	   (e.g.	   Lenzen,	   1998;	   Nakamura	   &	   Kondo,	   2002;	   Wiedmann,	   Minx,	   Barrett,	   &	  
Research	  gap	  1:	   Research	   is	  needed	   to	   jointly	  understand	  supply	   (i.e.	  potentially	  available	  
materials)	   and	   demand	   for	   RMCM	   (i.e.	   key	   actors,	   their	   decisions,	   and	   interaction	   among	  
each	  other	  as	  well	  as	  with	  their	  socio-­‐technical	  environment).	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Wackernagel,	  2006),	  LCA	  is	  becoming	  the	  standard	  tool	  for	  environmental	  impact	  assessment	  on	  
the	   product	   scale.	   In	   the	   construction	   sector,	   LCA	   is	   widely	   applied	   to	   assess	   and	   compare	  
construction	   products,	   building	   parts,	   or	   systems	   (Weibel	   &	   Stritz,	   1995).	   Additionally,	  
comprehensive	   databases	   have	   been	   developed	   providing	   the	   life	   cycle	   inventories	   (LCI)	   for	  
construction	   processes	   (Althaus,	   Dinkel,	   Stettler,	   &	   Werner,	   2007;	   Kellenberger	   et	   al.,	   2007;	  
Werner,	  Althaus,	  Künniger,	  Richter,	  &	   Jungbluth,	  2007)	  and	  demolition	  processes	   (Doka,	  2000,	  
2007).	  
Previous	   LCA	   of	   RMCM	   generally	   showed	   favourable	   results	   for	   the	   recycled	   materials	  
compared	   to	   conventional	   materials.	   In	   particular	   recycled	   aggregates	   in	   CE	   showed	   clear	  
benefits	   compared	   to	   natural	   aggregates	   due	   to	   the	   high	   on-­‐site	   recycling	   rates	   (Carpenter,	  
Gardner,	  Fopiano,	  Benson,	  &	  Edil,	  2007;	  Chiu,	  Hsu,	  &	  Yang,	  2008;	  Hugener,	  Mattrel,	  Schmid,	  &	  
Fritz,	   1998).	   This	   has	   only	   been	   questioned	   due	   to	   the	   release	   of	   polycyclic	   aromatic	  
hydrocarbon	  in	  the	  recycling	  process	  of	  asphalt	  pavements	  with	  high	  bitumen	  contents	  (Hugener	  
et	   al.,	   2006;	   Hugener	   et	   al.,	   1998),	  which	   consequently	   has	   been	   banned	   in	   Switzerland	   (VSS,	  
1998b).	  RMCM	   for	   SE	  application	  on	   the	  other	  hand,	   and	   in	  particular	   recycled	   concrete	   from	  
mixed	   rubble	   (i.e.	   closed	   loop	   recycling)	   are	   questioned	   over	   their	   environmental	   benefits	  
compared	  to	  conventional	  materials	  as	  already	  outlined	  above.	  
	  In	  addition,	  comparative	  LCA	  studies	  usually	  make	  assessments	  on	  the	  product	   level	  based	  
on	   a	   functional	   unit,	   but	   how	   those	   results	   scale	   to	   the	   system	   level	   of	   a	   socio-­‐technical	  
transition	   is	   rarely	   considered.	  Depending	  on	  available	   supply	   (e.g.	   C&D	  waste)	   for	   alternative	  
products	   and	   their	   speed	   of	   adoption	   (e.g.	   demand	   for	   RMCM)	   potential	   benefits	   have	   to	   be	  
assessed	  from	  a	  systemic	  perspective.	  	  
From	  these	  limitations	  the	  second	  research	  gap	  considered	  in	  this	  research	  was	  derived.	  
 
Research	   gap	   2:	   Research	   is	   needed	   to	   understand	   environmental	   implications	   of	   a	  
transition	  towards	  a	  more	  closed-­‐loop	  construction	  material	  management.	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2 Objectives	  and	  research	  questions	  
The	  goal	  of	  this	  research	  was	  
	  
To	   address	   this	   goal	   and	   fill	   the	   research	   gaps	   mentioned	   above	   in	   the	   context	   of	   recycled	  
mineral	  construction	  materials	  (RMCM)	  three	  main	  objectives	  were	  articulated.	  	  
The	  first	  objective	  was	  
	  
This	  objective	  was	  articulated	  in	  two	  main	  research	  questions:	  
1. What	  is	  the	  supply	  potential	  of	  RMCM	  from	  C&D	  waste?	  
This	  research	  question	  was	  answered	  through	  research	  published	  in	  Publication	  III	  of	  
this	  thesis.	  
2. How	  do	  actors	  decide	  and	  interact	  about	  the	  demand	  for	  RMCM?	  	  
Since	   a	   systematic	   approach	   to	   empirical	   operationalize	   agents	   for	   agent-­‐based	  
modelling	  (ABM)	  was	  lacking,	  the	  following	  sub	  question	  had	  to	  be	  addressed	  first:	  
2.1. How	   can	   we	   empirically	   operationalize	   agents,	   their	   interaction,	   decision-­‐
making,	  and	  behaviour	  for	  context	  specific	  ABM?	  
This	   research	   question	  was	   addressed	   in	  Publication	   I	   of	   this	   thesis,	   and	   provided	  
the	  methodological	  procedure	  to	  address	  the	  second	  sub	  question:	  
2.2. What	   are	   key	   actors,	   and	   how	   do	   they	   interact,	   decide	   and	   behave	   when	  
demanding	  RMCM?	  
This	  research	  question	  was	  addressed	  through	  the	  research	  published	  in	  Publication	  
II	  of	  this	  thesis.	  	  
The	  second	  objective	  was	  
	  
This	  objective	  was	  addressed	  by	  means	  of	  the	  third	  main	  research	  question:	  
3. How	  can	  we	  enhance	  the	  demand	  for	  RMCM?	  
Based	   on	   the	   technical	   supply	   potential	   and	   empirical	   operationalised	   agents’	  
decisions	   and	   interactions	   regarding	   the	   demand,	   both	   addressed	   under	   the	   first	  
objective,	   answering	   this	   questing	   integrated	   supply	   and	   demand	   in	   an	   agent-­‐based	  
socio-­‐technical	   model.	   This	   research	   question	   was	   answered	   through	   the	   research	  
published	  in	  Publication	  III	  of	  this	  thesis.	  
to	  develop	  an	  agent-­‐based	  model	  to	  simulate	  socio-­‐technical	  transitions	  towards	  a	  more	  
sustainable	  construction	  material	  management.	  
to	  analyse	  supply	  and	  demand	  of	  RMCM.	  
to	  develop	  an	  agent-­‐based	  socio-­‐technical	  model	  integrating	  supply	  and	  demand.	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The	  third	  objective	  was	  
	  
This	  objective	  was	  addressed	  through	  the	  fourth	  main	  research	  question:	  
4. How	  can	  we	  align	  supply	  and	  demand	  with	  minimal	  environmental	  impacts?	  
This	  question	   relies	  on	   the	  understanding	  of	   the	  environmental	   impacts	  of	   recycled	  
and	  conventional	  materials	  throughout	  their	  life	  cycle,	  which	  was	  addressed	  through	  the	  
research	   published	   in	   Publication	   IV	   of	   this	   thesis.	   These	   results	   were	   then	   used	   to	  
assess	  the	  outcome	  of	  the	  socio-­‐technical	  model	  developed	  under	  the	  second	  objective.	  	  
to	  assess	  the	  environmental	  impacts	  of	  different	  simulation	  outcomes.	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3 Materials	  and	  methods	  This	  section	  describes	  the	  methods	  and	  conceptual	  framework	  adopted	  to	  address	  the	  research	  goals	  and	  the	  case	  study	  of	  recycled	  mineral	  construction	  materials	  in	  Switzerland.	  	  
3.1 Methods	  and	  conceptual	  framework	  
3.1.1 Methodological	  procedure	  and	  conceptual	  framework	  
To	  address	  the	  different	  perspectives	  and	  aspects	  mentioned	  in	  the	  research	  questions	  above	  
in	  a	  comprehensive	  way	  a	  conceptual	  framework	  was	  developed	  which	  outlines	  how	  the	  various	  
methods	  were	  combined	  and	   integrated	  (Figure	  1).	  The	  research	  was	  conducted	  in	  the	  following	  
four	  modules.	  	  
Module	  1:	  Supply:	  Material	  flow	  model	  of	  potential	  supply	  
Module	  2:	  Demand:	  Empirical	  operationalization	  of	  actors’	  decisions	  and	  interaction	  	  
Module	  3:	  Supply	  &	  Demand:	  Agent-­‐based	  socio-­‐technical	  model	  	  
Module	  4:	  Environmental	  impact	  assessment:	  Life-­‐cycle	  assessment	  (LCA)	  
Each	   one	   of	   these	   modules	   required	   a	   range	   of	   social,	   technical,	   economic	   and	   ecological	  
scenario	  parameters,	  which	  were	  jointly	  developed	  to	  allow	  subsequent	  integration.	  	  
	  
Figure	  1:	  Conceptual	  framework	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3.1.2 Module	  1:	  Material	  flow	  model	  of	  potential	  RMCM	  supply	  
Purpose:	  The	  purpose	  of	  module	  1	  was	  to	  analyse	  the	  supply	  potential	  of	  RMCM.	  	  
Methods:	   A	   streamlined	   material	   flow	   model	   was	   developed	   building	   on	   the	   outcome	   of	  
previous	   studies	   (FOEN,	   2008;	   Schneider	   &	   Rubli,	   2007,	   2009).	   In	   this	   streamlined	  model	   time	  
series	  were	  derived	  from	  power	  law	  trend	  extrapolations	  of	  historical	  data	  from	  updated	  model	  
calculations	   (i.e.	   SE	   C&D	  waste	   volumes)	   from	  Wuest	  &	   Partner	   AG	  published	   as	   Swiss	   Federal	  
Office	  for	  the	  Environment	  report	  (FOEN,	  2001a,	  2001b,	  2008).	  Annual	  potential	  supply	  [tons]	  of	  
mixed	  and	  concrete	  rubble	  were	  derived	  from	  these	  fairly	  aggregated	  C&D	  waste	  data	  using	  C&D	  
waste	  stream	  composition	  and	  densities	  (FOEN,	  2008).	  
3.1.3 Module	  2:	  Empirical	  operationalization	  of	  actors’	  decisions	  and	  interaction	  
regarding	  the	  demand	  for	  RMCM	  
Purpose:	   The	   purpose	   of	  module	   2	  was	   twofold;	   first	   it	   aimed	   to	   develop	   a	   comprehensive	  
approach	  to	  empirically	  operationalise	  actors’	  decisions	  and	   interaction	  for	  ABM,	  and	  second	  to	  
analyse	  Swiss	  construction	  actors’	  decisions	  and	  interactions	  when	  demanding	  RMCM.	  	  
Methods:	   (i)	   The	   agent-­‐operationalisation	   approach	   was	   developed	   based	   on	   a	   literature	  
review	   of	   agent-­‐based	   models	   for	   socio-­‐ecological	   and	   socio-­‐technical	   systems.	   This	   review	  
focused	  on	  the	  three	   central	   issues	   limiting	   the	   exploitation	  of	  ABM’s	   full	   potential;	   context	  specific	  application	  (i.e.	  beyond	  proof	  of	  concept),	  more	  behaviourally	  realistic	  agents	  rules,	  and	   validation	   of	   ABM.	   (ii)	   By	   applying	   the	   agent-­‐operationalisation	   approach,	   Swiss	  construction	  stakeholders’	  decisions	  and	  interactions	  regarding	  RMCM	  were	  derived	  though	  expert	   interviews	   and	  workshops	   and	   quantified	   in	   a	   postal	   survey.	   The	   expert	   interviews	  were	  conducted	  in	  January	  2007	  and	  the	  expert	  workshops	  in	  May	  2007	  and	  January	  2008.	  
The	  survey	  was	  conducted	  between	  July	  2008	  and	  August	  2009	  sending	  out	  questionnaires	  to	  a	  
random	  sample	  selected	  for	  each	  of	  the	  nine	  stakeholder	  groups.	  	  
3.1.4 Module	  3:	  Agent-­‐based	  socio-­‐technical	  model	  integrating	  supply	  and	  demand	  	  
Purpose:	   Module	   3	   aimed	   to	   analyse	   key	   factors	   enhancing	   the	   demand	   for	   RMCM	   in	   a	  
transitions	  leading	  to	  a	  more	  closed-­‐loop	  construction	  material	  system.	  
Methods:	  An	  agent-­‐based	  model	  of	  the	  Swiss	  recycled	  construction	  material	  market	  based	  on	  
empirical	   data	   derived	   from	   the	   agent	   operationalization	   approach	   was	   developed,	  
demonstrating	  how	  detailed	  empirical	  agent	  decision	  data	  could	   incrementally	  be	   included.	  Key	  
factors	   affecting	   the	   demand	   for	   RMCM	   were	   derived	   from	   sensitivity	   analysis.	   Intervention	  
scenarios	   to	   steer	   the	   system	   towards	   sustainable	   construction	   waste	   management	   were	  
developed	  and	  assessed.	  With	  ABM	  being	  the	  core	  method	  of	  this	  research	  the	  choice	  of	  ABM	  is	  
briefly	  elaborated	  on	  below.	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3.1.5 Module	  4:	  Life-­‐cycle	  environmental	  impact	  assessment	  
Purpose:	  The	  aim	  of	  Module	  4	  was	  to	  assess	  the	  environmental	   impacts	  of	  RMCM	  compared	  
to	   their	   conventional	   alternatives,	   and	   to	  use	   these	   results	   to	   evaluate	   the	  outcomes	   from	   the	  
socio-­‐technical	  model	  developed	  in	  Module	  3.	  
Methods:	   A	   standard	   comparative	   LCA	   of	   conventional	   concrete	   (CC)	   and	   recycled	   concrete	  
(RC)	  was	  established.	  Allocation	  is	  avoided	  by	  system	  expansion	  and	  substitution	  according	  to	  ISO	  
14044	   (ISO,	   2006a).	   A	   functional	   unit	   of	   1	   m3	   of	   concrete	   of	   a	   specific	   strength	   class	   at	   the	  
construction	  site	  was	  selected.	  The	  life	  cycle	  impacts	  of	  12	  recycled	  concrete	  (RC)	  mixtures	  with	  
two	   different	   cement	   types	   were	   analysed	   and	   compared	   with	   the	   impacts	   of	   corresponding	  
conventional	  concretes	   (CC)	   for	   three	  SE	  applications.	  The	  results	  of	   this	  comparison	  were	  then	  
combined	  with	  the	  outcome	  of	  the	  socio-­‐technical	  model.	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3.2 Introduction	  into	  Agent-­‐Based	  Modelling	  (ABM)	  
With	   ABM	   being	   the	   core	   method	   of	   this	   research,	   the	   following	   chapter	   provides	   an	  
introduction	   into	   ABM	   and	   elaborates	   on	   the	   choice	   of	   ABM	   for	   addressing	   socio-­‐technical	  
transitions	  towards	  sustainable	  construction	  material	  management.	  Firstly,	  a	  brief	  overview	  over	  
the	  history	  of	  social	  simulation	  in	  general	  and	  ABM	  in	  particular	   is	  provided.	  Secondly,	  the	  basic	  
characteristics	   of	   ABM	   are	   introduced.	   Thirdly,	   the	   use	   of	   ABM	   for	   the	   simulation	   of	   socio-­‐
technical	  transitions	   is	  elaborated	  on,	  and	  the	  choice	  for	  the	  Swiss	  construction	  material	  case	   is	  
motivated.	  	  
3.2.1 History	  of	  social	  simulation	  
Generally	   social	   science	   simulation	   goes	   back	   to	   18th	   century	   starting	   with	   differential	  
equations,	  which	  are	  the	  basis	  for	  the	  current	  system	  dynamics	  simulation.	  ABM	  in	  contrast	  is	  a	  
relatively	  “young”	  tool	  and	  can	  be	  traced	  back	  to	  the	  1940ies.	  One	  of	  the	  basic	  ideas	  behind	  ABM	  
relates	   to	   the	   self-­‐reproduction	   machine	   postulated	   by	   John	   von	   Neumann	   in	   1948.	   Holistic	  
system	  properties	  are	  generated	   from	  single	  modules	  whereas	   the	  behaviour	  of	   the	  modules	   is	  
only	  determined	  by	  simple	  rules	  and	  not	  by	  the	  whole	  context.	  In	  the	  late	  Sixties	  John	  Convey	  first	  
did	  the	  shift	  from	  this	  theoretical	  idea	  to	  a	  practical	  implementation.	  With	  the	  “Game	  of	  Life”	  he	  
programmed	   the	   first	   cellular	   automata	   in	   which	   complex	   patterns	   emerge	   from	   simple	   rules	  
(Gardner,	  1971).	  	  A	  next	  milestone	  was	  laid	  by	  Schelling	  (Schelling,	  1978)	  when	  he	  built	  a	  model	  
to	  show	  how	  urban	  segregation	  could	  emerge	  through	  unplanned	  interaction	  on	  the	  micro-­‐level.	  
He	   was	   able	   to	   show	   that,	   even	   with	   a	   very	   high	   level	   of	   acceptance	   of	   other	   ethnics	   in	   the	  
neighbourhood,	   segregation	   occurs.	   Together	   with	   the	   model	   of	   flocking	   birds	   from	   Craig	  
Reynolds	  presented	  in	  1986,	  Schelling’s	  segregation	  model	  showed	  the	  great	  potential	  of	  ABM	  for	  
the	  simulation	  of	  socio-­‐ecological	  systems	  for	  the	  first	  time	  (Reynolds,	  1987).	  
ABM	  and	  many	  other	  computer-­‐aided	  applications	  would	  not	  have	  developed	  so	  far	  without	  
the	   efforts	   in	   artificial	   intelligence	   and	   artificial	   life.	   The	   term	   “artificial	   life”	   became	   generally	  
known	   after	   a	  workshop	  organised	   by	   Christopher	  G.	   Langton	   in	   1987	  with	   the	   same	  name.	   In	  
Langton’s	  workshop,	  scientists	  from	  different	  research	  fields	  concluded	  that	  many	  phenomena	  of	  
living	   systems	   could	   not	   be	   modelled	   linearly.	   Based	   on	   these	   conclusions,	   Langton	   stated	   a	  
paradigm	  change	  in	  modelling	  of	  living	  systems:	  
“.......bottom-­‐up	   rather	   than	   top-­‐down	   modelling,	   local	   rather	   than	   global	   control,	   simple	  
rather	  than	  complex	  specifications,	  emergent	  rather	  than	  pre-­‐specified	  behaviour	  and	  population	  
rather	  than	  individual	  simulation	  (Langton,	  1987).”	  
A	   further	   major	   contribution	   in	   the	   field	   was	   the	   book	   “Growing	   Artificial	   Societies”	   from	  
Epstein	   and	   Axtell	   (1996).	   In	   the	   “Sugarscape”	   model	   they	   retrace	   fundamental	   collective	  
behaviours	  such	  as	  group	   formation,	  cultural	   transmission,	  combat,	  and	  trade	  emerge	   from	  the	  
interaction	  of	  individual	  agents	  following	  a	  few	  simple	  rules.	  They	  view	  artificial	  societies	  as:	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“…..laboratories,	  where	  we	  attempt	  to	  ‘grow’	  certain	  social	  structures	  in	  the	  computer	  –	  or	  in	  
silico	   –	   the	  aim	  being	   to	  discover	   fundamental	   local	   or	  micro	  mechanisms	   that	  are	   sufficient	   to	  
generate	  the	  macroscopic	  social	  structures	  and	  collective	  behaviours	  of	  interest.“	  
3.2.2 Characteristics	  of	  ABM	  
Gilbert	  (2008)	  formally	  describes	  ABM1	  as	  “a	  computational	  method	  that	  enables	  a	  researcher	  
to	   create,	   analyse,	   and	   experiment	   with	   models	   composed	   of	   agents	   that	   interact	   within	   an	  
environment”.	   A	   similar	   view	   is	   taken	   by	   Janssen	   (2002)	   describing	   ABM	   as	   “consisting	   of	   a	  
number	   of	   interacting	   autonomous	   agents”.	   Based	   on	   interdisciplinary	   complexity	   science	  
(Axelrod,	  1997b;	  Holland,	  1995),	  Grimm	  and	  Railsback	  (2005)	  describe	  one	  key	  characteristics	  of	  
ABM	   as:	   “Systems	   are	   understood	   and	   modelled	   as	   collections	   of	   unique	   individuals.	   System	  
properties	  and	  dynamics	  arise	  from	  the	  interaction	  of	  individuals	  with	  their	  environment	  and	  with	  
each	  other.”	  	  
Common	   among	   the	   above-­‐mentioned	   ABM	   definitions	   and	   many	   others	   (e.g.	   Cedermann,	  
2005;	  Epstein	  &	  Axtell,	  1996;	  Gilbert	  &	  Troitzsch,	  2005;	  Tesfatsion,	  2002)	  are	  the	  three	  key	  ABM	  
components	   –	   agents,	   their	   behaviour	   and	   environment	   –	   and	   the	   emergence	   of	   system	  
properties	   from	   the	   interaction	   of	   autonomous,	   heterogeneous	   agents.	   These	   three	   key	  
components	  are	  addressed	  in	  turn	  below:	  
Agents:	   In	   social	   simulations,	   agents	   usually	   represent	   parts	   of	   the	   social	   world	   (e.g.	  
individuals,	   groups,	   organisations,	   institutions	   or	   societies);	   They	   could	   also	   represent	   natural	  
(e.g.	   cells,	   organs,	   plants,	   animals,	   populations	   or	   ecosystems)	   or	   physical	   entities	   (e.g.	   atoms,	  
molecules,	  machines,	  production	  lines,	  manufactory	  plants	  or	  industries).	  Most	  ABM	  applications	  
deal	  with	  numerous	  and	  heterogeneous	  agents	  (Axelrod,	  1997b;	  Epstein	  &	  Axtell,	  1996).	  But	  what	  
defines	  an	  agent	  or	  the	  concept	  of	  agency?	  Applied	  to	  people,	  agency	  is	  related	  to	  concepts	  such	  
as	   intentionality,	   free	   will,	   and	   the	   power	   to	   achieve	   one’s	   goal	   (Gilbert	   &	   Troitzsch,	   2005).	  
However,	   as	   this	   is	   difficult	   to	   operationalize	   for	   computer	   agents,	   Wooldridge	   and	   Jennings	  
describe	   computer	   agents	   as	   software	   entities	   that	   are	   autonomous,	   reactive,	   pro-­‐active	   and	  
capable	  of	   social	   interaction	   (Jennings,	  2000;	  Wooldridge	  &	   Jennings,	  1995).	  Consequently,	  one	  
could	  say	  that	  agents	  are	  mostly	  defined	  though	  their	  behaviours.	  	  
Agents’	  behaviour:	  The	  types	  of	  behaviours	  implemented	  in	  ABM	  vary	  from	  very	  simple	  if-­‐then	  
rules	  to	  highly	  complex	  optimisation	  or	   learning	  algorithms.	  However,	  according	  to	  Parker	  et	  al.	  
(2003)	  agents’	  behaviour	  can	  generally	  be	  described	  as	  follows:	   It	   is	  mainly	  defined	  through	  the	  
local	   interaction	  with	  other	  agents	  and	  the	  environment	  and	  basically	   independent	  from	  central	  
control.	   The	   local	   interaction	   itself	   describes	   the	   interaction	   of	   agents	   among	   their	   direct	  
neighbour	   agents	   and	   their	   local	   environment.	   Interactive	   agents	   allow	   for	   the	   simulation	   of	  
                                                
1 There	   are	   numerous	   terms	   for	   Agent-­‐Based	   Models	   or	   Modelling	   (ABM)	   (e.g.	   Multi-­‐Agent	   Simulations	   (MAS),	  
Individual-­‐Based	  Models	  or	  Simulations,	  Agent-­‐based	  Simulations).	  In	  this	  research	  we	  use	  ABM	  as	  a	  general	  synonym	  
including	  the	  above-­‐mentioned	  terms. 
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adaptive	   or	   learning	   behaviour.	   Agents	   do	   not	   necessarily	   have	   to	   react	   in	   a	   fixed	   network	   or	  
structure;	  they	  also	  can	  change	  their	  networks	  and/or	  hierarchical	  structures.	  	  
Environment:	  The	  agents’	  environment	  is	  the	  virtual	  world	  in	  which	  agents	  act	  (Gilbert,	  2008).	  
What	  exactly	  the	  environment	  represents	  and	  how	  complex	  or	  simple	  it	  is	  implemented,	  depends	  
on	   the	   task	   at	   hand.	   The	   environment	   might	   take	   the	   form	   of	   grid,	   representing	   the	   explicit	  
geographical	  spaces	  or	  other	   features	  such	  as	  knowledge	  space.	  An	  other	  option	   is	  a	   link	  based	  
environment	   where	   no	   special	   representation	   is	   implemented	   and	   agents	   are	   only	   connected	  
through	  a	  network	  of	  links	  (Gilbert	  &	  Troitzsch,	  2005).	  
Modelling	  and	  simulation:	  Besides,	  agents,	  their	  behaviour	  and	  environment,	  simulation	  or	  the	  
experimental	  use	  of	  computational	  models	   is	  another	  common	  ground	  among	  ABM	  definitions.	  
According	   to	   the	   general	   modelling	   theory	   (Stachowiak,	   1973)	   a	   model	   can	   be	   defined	   as	   “a	  
purposeful	   simplified	   representation	   of	   the	   reality”.	   Or	   more	   formally,	   according	   to	   Minsky	  
(1968),	  “To	  an	  observer	  B,	  an	  object	  A*	  is	  a	  model	  of	  an	  object	  A	  to	  the	  extent	  that	  B	  can	  use	  A*	  to	  
answer	  questions	  that	  interest	  him	  about	  A.”	  	  
Modelling	  and	  simulation	  is	  not	  a	  linear	  process	  and	  the	  model	  is	  usually	  not	  the	  main	  output	  
but	   rather	   the	   problem	   we	   solved	   with	   it,	   or	   the	   research	   question	   we	   answer.	   Any	   model	  
building	   process	   should	   therefore	   start	   with	   the	   purpose	   or	   problem	   entity.	   The	   modelling	  
process	   itself	   is	   often	   described	   as	   an	   iterative	   procedure	   or	   “modelling	   cycle”	   (Gilbert	   &	  
Troitzsch,	   2005;	   Grimm	   &	   Railsback,	   2005;	   Page,	   1991;	   Sargent,	   1982).	   Based	   on	   data	   and	  
knowledge	  about	  the	  problem	  entity	  (i)	  a	  conceptual	  model	  (ii)	  is	  designed,	  and	  implemented	  into	  
a	   computer	   model	   (iii).	   In	   an	   experimental	   setup	   several	   simulation	   runs	   with	   the	   computer	  
model	   lead	  to	  simulation	  results	   (iv),	  which	  then	  can	  be	  compared	  with	  the	  problem	  entity	  and	  
interpreted.	   These	   four	   phases	   of	   model	   design,	   implementation,	   experimentation,	   and	  
interpretation	  are	  iteratively	  repeated	  until	  the	  question	  is	  sufficiently	  accurate	  answered.	  	  
The	  question	   is	   then,	  when	   is	  my	  model	   sufficiently	   accurate	   for	   the	  problem	  at	   hand?	   The	  
first	   answer	   could	   be,	   when	   the	   model	   output	   matches	   my	   real	   system.	   Such	   operational	  
validation	   is	  still	   the	  gold	  standard	   in	  model	  validation,	  but	  with	   increasingly	  complex	  computer	  
models,	  validation	  of	  the	  conceptual	  models	  (e.g.	  through	  participatory	  modelling),	  verification	  of	  
the	   code	   (e.g.	   reproduction	   of	   models),	   and	   validation	   of	   the	   experimental	   design	   gain	  
importance.	   However,	   validation	   may	   have	   different	   meanings	   for	   different	   model	   purposes	  
(Küppers	   &	   Lenhard,	   2005)	   which	   is	   why	   different	   validation	   techniques	   and	   procedures	   exist	  
(Louie	  &	  Carley,	  2008;	  Moss,	  2008).	  
3.2.3 ABM	  of	  socio-­‐technical	  transitions	  
ABM	   is	   increasingly	   becoming	   a	   standard	   tool	   for	   analysing	   and	   modelling	   transitions	   in	  
complex	  socio-­‐ecological	  (Grimm	  &	  Railsback,	  2005;	  Janssen	  &	  Ostrom,	  2005)	  and	  socio-­‐technical	  
systems	  (Bergman	  et	  al.,	  2008;	  Chappin	  &	  Dijkema,	  2010;	  Haxeltine	  et	  al.,	  2008;	  Schwarz	  &	  Ernst,	  
2009).	   This	   is	   due	   to	   ABMs`	   ability	   to	   capture	   the	   effects	   of	   the	   interactions	   between	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heterogeneous	   individuals	   and	   networks	   on	   the	   system	   (Garcia,	   2005;	   Rahmandad	  &	   Sterman,	  
2008).	  The	  mineral	  construction	  materials	  market	   in	  Switzerland	  shows	  exactly	  these	  attributes,	  
as	  local	  interaction	  and	  adaptation	  determines	  demand	  for	  RMCM.	   
Most	   of	   the	   previous	   ABM	   studies	   analysing	   socio-­‐technical	   system	   transitions	   are	   energy	  
focussed.	  They	  study	  either	  consumer	  goods	  such	  as	  lighting	  (Axtell,	  Andrews,	  &	  Small,	  2001),	  or	  
household	   energy	   generation	   and	   transformation	   such	   as	   photovoltaic	   systems	   (Ramanath	   &	  
Gilbert,	   2004),	   domestic	   micro-­‐cogeneration	   (Polhill,	   Parker,	   Brown,	   &	   Grimm,	   2008),	   heating	  
systems	   (Svenson,	   1990),	   bio-­‐electricity	   (Davis,	   Nikolic,	   &	   Dijkema,	   2010),	   and	   occupancy	  
behaviour	  (Andrews,	  Yi,	  Krogmann,	  Senick,	  &	  Wener,	  2011).	  Just	  recently,	  ABM	  has	  started	  to	  be	  
used	  to	  explicitly	  address	  sustainable	  material	  flow	  management,	  (e.g.	  Bollinger	  at	  al.	  (2011))	  and	  
showed	   its	   potential	   to	   enhance	   understanding	   of	   drivers	   behind	  material	   flows	   and	   recycling	  
schemes.	   Thus,	   ABM	   not	   only	   meets	   the	   specific	   requirements	   of	   the	   case	   study	   but	   its	  
application	  also	  presents	  a	  new	  example	  of	  sustainable	  material	  management	  and	  contributes	  to	  
a	  growing	  field	  of	  socio-­‐technical	  transition	  simulation	  studies	  (Bergman	  et	  al.,	  2008;	  Haxeltine	  et	  
al.,	  2008;	  van	  Dam,	  Nikolic,	  &	  Lukszo,	  2013). 
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3.3 Case	  study:	  RMCM	  in	  Switzerland	  
3.3.1 System	  boundary	  and	  construction	  sectors	  
Although	   recent	   statistics	   show	   an	   increasing	   amount	   of	   mineral	   construction	   materials	  
(especially	  gravel)	  being	  imported,	  in	  general	  mineral	  construction	  materials	  markets	  are	  local	  or	  
regional	  due	  to	  the	  high	  specific	  weight	  of	  the	  products	  and	  the	  consequently	  high	  transport	  costs	  
(Binswanger	  &	  Siegenthaler,	  1995;	  Eberhard,	  2014;	  HASTAG,	  2014;	  Redle,	  1999).	  Therefore,	   the	  
system	  boundary	  for	  this	  research	  was	  set	  to	  the	  Swiss	  border.	  	  
With	   RMCM	   already	   fairly	   established	   and	   accepted	   in	   CE,	   where	   they	   are	   applied	   in	  more	  
than	  30%	  of	  all	  cases,	  this	  research	  mainly	  concentrated	  on	  RMCM	  application	  in	  SE.	  This	  can	  be	  
justified	  by	  the	  low	  acceptance	  of	  RMCM	  in	  SE	  on	  one	  hand	  (e.g.	  Spoerri	  et	  al.,	  2009),	  and	  by	  the	  
much	  debated	  environmental	  benefits	  of	  SE	  RMCM	  application	  on	  the	  other	  hand	  (Holcim,	  2010).	  
However,	  construction	  stakeholders’	  decisions	  and	  interaction	  were	  still	  analysed	  in	  both	  sectors	  
to	  allow	  for	  comparable	  insights.	  
3.3.2 Materials	  applications	  considered	  
Construction	  sectors	  in	  general	  are	  highly	  regulated	  and	  this	  is	  also	  true	  for	  Switzerland.	  With	  
norms	  regulating	  the	  application	  of	  RMCM	  dating	  as	  far	  back	  as	  1994	  (SIA,	  1994),	  today	  the	  reuse	  
of	   C&D	   waste	   is	   extensively	   regulated	   in	   Switzerland.	   Specification	   of	   C&D	   waste	   types	   and	  
recycled	   aggregates	   (i.e.	   intermediate	   products)	   are	   mainly	   set	   by	   the	   federal	   office	   for	   the	  
environment	  (FOEN,	  2006).	  Their	  application	  in	  CE	  is	  normalized	  by	  the	  Swiss	  association	  of	  roads	  
construction	  experts	  (VSS,	  1998a,	  1998b,	  1998c,	  1998d,	  1998e),	  and	  concrete	  application	  in	  SE	  by	  
the	  Swiss	  Association	  of	  Engineers	  and	  Architects	  (SIA,	  2010).	  	  
Figure	   2	   shows	   the	   recycling	   routes	   for	   different	   C&D	   waste	   types	   and	   the	   conventional	  
alternatives.	   	   For	   the	   purpose	   of	   this	   research	   three	   applications	   from	   CE	   (i.e.	   bonded,	   and	  
unbonded	   sub	   base	   layers	   and	   lean	   concrete),	   and	   three	   applications	   from	   SE	   (i.e.	   outdoor	  
concrete,	   indoor	   concrete	   and	   lean	   concrete	   applications)	   have	   been	   selected.	   The	   only	  
application	   excluded	   was	   asphalt	   layers	   where	   asphalt	   pavement	   debris	   could	   be	   reused.	  
However,	   due	   to	   the	   issue	   with	   polycyclic	   aromatic	   hydrocarbon	   this	   recycling	   route	   is	   highly	  
regulated	   and	   controlled.	   In	   addition,	   the	   potential	   volume	   of	   expected	   waste	   to	   be	   reused	  
through	  this	  route	  is	  negligible	  in	  comparison.	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Figure	  2:	  Recycling	  routes	  for	  different	  C&D	  waste	  types	  into	  RMCM	  and	  their	  conventional	  alternatives	  
(solid	   arrows:	   preferred	   application,	   dotted	   arrows:	   subsidiary	   application,	   red	   arrows:	   conventional	  
alternatives),	  based	  on	  Swiss	  norms,	  standards	  and	  recommendations.	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4 Results	  
4.1 Potential	  RMCM	  supply	  from	  C&D	  waste	  
RMCM	  have	  a	  significant	  supply	  potential	  in	  Switzerland.	  Our	  model	  shows,	  that	  the	  expected	  
waste	   streams	   could	   provide	   up	   to	   40%	   of	   the	   required	   aggregates	   for	   new	   SE2	  construction	  
(Knoeri,	   Nikolic,	   Althaus,	   &	   Binder,	   2014).	   The	   potential	   mixed	   rubble	   supply	   is	   almost	   three	  
times	  the	  volume	  and	  double	  the	  weight	  of	  the	  potential	  concrete	  rubble	  supply,	  approximately	  
reflecting	  the	  C&D	  waste	  composition	  in	  SE	  (FOEN,	  2008).	  
Comparing	  the	  potential	  supply	  of	  RMCM	  with	  different	  demand	  scenarios	  allows	  for	  a	  first	  
analysis	  of	   the	  demand	   implications	  of	  a	  closed-­‐loop	  construction	  material	  management.	  With	  
the	  current	  demand	  (~11%)	  only	  a	  fractional	  amount	  of	  the	  mixed	  and	  concrete	  rubble	  supply	  is	  
reused.	   Considering	   the	   potential	   material	   flows	   only,	   closed-­‐loop	   management,	   where	   the	  
expected	  rubble	  flows	  are	  fully	  reused	  within	  structural	  engineering,	  seems	  to	  be	  possible.	  This	  
however,	   would	   require	   recycled	   concrete	   (RC)	   to	   become	   the	   standard	   for	   all	   structural	  
engineering	   applications	   (100%),	   substitute	   40%	   of	   the	   aggregates,	   and	   use	   mixed	   rubble	  
aggregates	  (RC-­‐M)	  for	  70%	  of	  all	  applications.	  	  
Further,	  the	  relatively	  small	  amount	  of	  potential	  lean	  concrete	  applications	  shows	  that	  only	  a	  
tiny	   fraction	   of	   C&D	   waste	   could	   be	   reused	   as	   lean	   concrete.	   Considering	   the	   generally	  
decreasing	  demand	  from	  civil	  engineering,	  and	  the	  reservation	  of	  civil	  engineering	  actors	  against	  
RMCM	  from	  structural	  engineering,	  RC	  for	  structural	  applications	  seems	  to	  be	  the	  only	  solution	  
for	  the	  reuse	  of	  C&D	  waste	  from	  SE.	  	  
However,	  future	  C&D	  waste	  volumes	  strongly	  depend	  on	  construction	  investment	  scenarios	  
and	  related	  stock	  dynamics.	  While	  in	  a	  trend	  scenario	  construction	  waste	  volumes	  seem	  to	  level	  
off,	  they	  might	  increase	  by	  50%	  or	  decrease	  by	  25%	  in	  2050	  compared	  to	  2008	  levels.	  Therefore	  
depending	   on	   future	   construction	   activity	   the	   C&D	   waste	   problem	   might	   be	   drastically	  
exacerbated	  or	  slightly	  alleviated.	  
	  
                                                
2	  As	  mentioned	  under	  3.2	  the	  modelling	  part	  of	  this	  thesis	  concentrated	  on	  structural	  engineering	  (SE)	  	  
Key	  results:	  
• RMCM	  have	  a	  large	  supply	  potential	  (-­‐	  40%	  of	  required	  aggregates	  in	  SE)	  
• Mixed	  rubble	  potential	  three	  times	  higher	  than	  for	  concrete	  rubble	  	  
• Closed-­‐loop	  management	  within	  structural	  engineering	  possible	  
• Requires	  recycled	  concrete	  as	  a	  standard,	  40%	  substitution,	  and	  70%	  RC-­‐M	  	  
Contribution	   to	   the	   topic:	   As	   a	   prerequisite	   step	   this	   analysis	   provided	   in-­‐depth	  understanding	  of	  the	  RMCM	  system	  and	  the	  technical	  supply	  background	  system	  for	  the	  subsequent	  demand	  and	  supply	  model	  development.	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4.2 Actors’	  decisions	  and	  interaction	  about	  the	  demand	  for	  RMCM	  
4.2.1 Empirical	  agent	  operationalization	  
During	   the	   last	   decade,	   agent-­‐based	   modelling	   (ABM)	   has	   demonstrated	   its	   potential	   in	  
various	   research	   fields	   (Axelrod,	   1997b;	   Epstein	   &	   Axtell,	   1996;	   Gilbert	   &	   Troitzsch,	   2005;	  
Janssen,	   2002;	   Tesfatsion	   &	   Judd,	   2006),	   but	   not	   without	   contradictory	   trends.	   The	   three	  central	  questions	  being	  raised	  are:	  (i)	  How	  to	  go	  beyond	  a	  “proof	  of	  concept”	  (e.g.	  Janssen	  &	  Ostrom,	  2006;	  Matthews,	  Gilbert,	  Roach,	  Polhill,	  &	  Gotts,	  2007)	  (ii)	  How	  realistic	  are	  agents	  with	  simple	  behavioural	  rules?	  (e.g.	  Jager	  &	  Janssen,	  2002;	  Mosler	  &	  Tobias,	  2005)	  (iii)	  How	  could	   or	   should	   agent-­‐based	   models	   be	   validated?	   (e.g.	   Axelrod,	   1997a;	   Louie	   &	   Carley,	  2008;	   Windrum,	   Fagiolo,	   &	   Moneta,	   2007).	   The	   agent	   operationalization	   approach	   was	  developed	  to	  jointly	  address	  these	  three	  challenges	  (Knoeri,	  Binder,	  &	  Althaus,	  2011a).	  	  
The	  approach	  is	  based	  on	  the	  conceptual	  framework	  for	  modelling	  socio-­‐ecological	  as	  well	  as	  
socio-­‐technical	   systems	   with	   ABM	   presented	   in	   Figure	   3.	   The	   theoretical	   foundations	   of	   the	  
approach	   are	  Giddens’	   structuration	   theory	   (Giddens,	   1984),	   the	   theory	   of	   planned	   behaviour	  
(Ajzen,	   1991),	   and	   structural	   agent	   analysis	   (Binder,	   2007).	   The	   framework	   captures	   the	   three	  
key	  elements	  of	  ABM;	  (i)	  agents	  (decision-­‐making	  and	  behaviour),	  (ii)	  social	  structures	  (rules	  and	  
resources),	   and	   (iii)	   the	   agents’	   environment.	   It	   includes	   the	   consequences	   of	   the	   agents’	  
behaviour	  on	  social	  structures,	  environment	  and	  other	  agents’	  decisions,	  as	  well	  as	  the	  impact	  of	  
past	  behaviours,	  other	  agents,	  social	  structure,	  and	  perceived	  environmental	  consequences	  on	  
agents’	  decision-­‐making.	  	  
 
Figure	   3:	   Conceptual	   framework	   of	   the	   interaction	   between	   social	   structure,	   agents	   and	   the	  
environment	  (continuous	  arrows	  indicate	  synchronic,	  dotted	  arrows	  indicate	  diachronic	  impacts)	  (Source:	  
Knoeri	  et	  al.	  (2011a),	  adapted	  from	  Binder	  (2007),	  Giddens	  (1984)	  and	  Nikolic	  (2009))	  
Part	  A	  ‒	  Synopsis	   Results	  	   29	  
 
Empirically	   operationalizing	   key	   agents,	   their	   interaction,	   decision-­‐making,	   and	  behaviour	   is	   crucial	   for	   agent-­‐based	  modelling,	   as	   systemic	  behaviour	   emerges	   from	   local	  agents’	   behaviours	   and	   interactions	   (Axelrod,	   1997b;	   Gilbert	   &	   Troitzsch,	   2005;	   Janssen,	  2002;	  Tesfatsion	  &	  Judd,	  2006).	  The	  agent	  operationalization	  approach	  provides	  a	  stepwise	  procedure	   to	   do	   exactly	   this.	   Each	   step	   has	   a	   sound	   theoretical	   background	   and	   data	  collection	  method	  tailored	   to	   the	  specific	  problem	  addressed,	  which	  precise	  definition	   is	  a	  prerequisite.	  	  In	   the	  Swiss	  construction	  material	  case,	  based	  on	  social	  network	  theory	  (Wasserman	  &	  Faust,	  1994)	  and	  cross-­‐impact	  analysis	  (e.g.	  Scholz	  &	  Tietje,	  2002;	  Vester,	  2007),	  key	  system	  actors	   were	   identified	   using	   an	   actor	   impact	   analysis	   (step	   1).	   The	   interaction	   of	   those	  actors	   was	   determined	   in	   expert	   interviews	   and	   an	   expert	   workshop	   (step	   2).	   The	  quantification	   of	   their	   decision-­‐making	   was	   based	   on	   analytical	   hierarchy	   process	   (AHP)	  (Saaty,	  1990),	  and	  done	  through	  survey	  methods	  (step	  3).	  Finally,	  behavioural	  consistency	  analysis	  and	  conceptual	  validation	  (step	  4)	  was	  performed	  using	  the	  survey	  results.	  	  Applying	   the	   approach	   to	   the	   case	   study	   demonstrated	   its’	   practicality	   and	   provided	   a	  transparent	  and	  well-­‐founded	  methodological	  procedure	  for	  data	  collection	  and	  integration	  in	  the	  subsequent	  model	  development	  phase.	  Within	  the	  limits	  of	  the	  constituent	  theory	  the	  approach	   is	   applicable	   to	   a	   broad	   field	   of	   socio-­‐ecological	   and	   socio-­‐technical	   system	  modelling	  problems	  with	  ABM.	  
	  
4.2.2 Key	  actors’	  interaction,	  decisions	  &	  behaviour	  regarding	  the	  demand	  for	  RMCM	  
Awarding	   authorities,	   engineers,	   architects,	   and	   contractors	   were	   identified	   as	   key	  
construction	  stakeholders	  regarding	  the	  demand	  for	  RMCM	  (Knoeri	  et	  al.,	  2011a).	  Selecting	  the	  
key	  connected	  actors	  to	  be	  included	  in	  ABM	  ensures	  that	  system	  actors	  that	  are	  most	  affected	  
and	  have	  the	  most	  impact	  will	  be	  included	  in	  the	  model	  which	  is	  consistent	  with	  social	  network	  
theory	   (Faust,	   1997;	  Wasserman	   &	   Faust,	   1994).	   Nevertheless,	   other	   actor	   groups,	   especially	  
active	   actors	   having	   much	   impact	   on	   the	   system,	   may	   be	   considered	   in	   addition	   for	   being	  
operationalized	  as	  agents	   in	  ABM.	  Since	  regulation	  authorities	  were	  only	  weakly	   influenced	  by	  
the	  system,	   they	  were	   included	  as	  external	  parameters	   in	   the	  RMCM	  case	  study,	  which	  allows	  
simulating	  the	  effect	  of	  different	  regulation	  practices.	  
Awarding	  authorities	   interact	  with	  engineers,	  architects	  and	  contractors	  throughout	  the	   life	  
stages	  of	  a	  construction	  project	  (i.e.	   initial	  specification,	  design,	  confirmation,	  tender	  selection,	  
Contribution	   to	   the	   topic:	   The	   agent	   operationalization	   approach	   provided	   a	  comprehensive	   framework	   to	   empirically	   operationalize	   key	   system	   agents,	   their	  interaction,	  decision-­‐making	  and	  behaviour	  regarding	  the	  demand	  for	  RMCM.	  	  
Contribution	  to	  ABM:	  The	  approach	  addresses	  three	  major	  shortcomings	  limiting	  a	  full	  exploitation	   of	   ABM’s	   potential;	   (i)	   “proof	   of	   concept”	   applications	   that	   are	   too	  theoretical,	  (ii)	  agents	  that	  are	  too	  simple,	  not	  behaviourally	  realistic,	  and	  often	  lack	  an	  empirical	  basis,	  and	  (iii)	   too	  much	  value	  is	  placed	  on	  operational	   instead	  of	  conceptual	  validity.	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and	   construction)	   through	   specific	   decision-­‐making	   processes	   in	   the	   Swiss	   RMCM	   case	   study	  
(Knoeri	  et	  al.,	  2011a).	  However	  such	  an	  interaction	  chain	  is	  highly	  context	  dependent	  (e.g.	  local	  
construction	  market	   and	   standards),	   and	   therefore,	   not	   generalizable	   to	   nearby	   or	   associated	  
decisions.	   For	   example	   energy	   efficiency	   renovations	   might	   include	   a	   broader	   range	   of	  
stakeholders	   (e.g.	   energy	   performance	   advisors	   or	   heating	   system	   engineers)	   or	   different	  
interaction	  pattern.	  Each	  of	   those	   interactions	  requires	  to	  a	  certain	  extent	  a	  selection	  decision	  
determining	  with	  whom	  to	  work.	  According	  to	  literature	  (Ling,	  2002)	  key	  selection	  criteria	  in	  the	  
building	   sector	   are	   job	   experience,	   reputation	   and	   personal	   contact,	   and	   economic	  
considerations,	   where	   personal	   contact	   was	   most	   important	   in	   the	   Swiss	   RMCM	   case	   study	  
(Knoeri,	  Binder,	  &	  Althaus,	  2011b).	  
Throughout	   the	   interaction	   chain	   the	   interaction	   criterion	   (i.e.	   recommendation	   or	  
specification	   from	   previous	   stakeholder)	   was	   the	   most	   important	   criterion	   in	   each	   material	  
specific	  decision	  with	  the	  exception	  of	  the	  structural	  engineers’	  design	  specification,	  which	  was	  
mainly	   determined	   by	   law,	   standards	   and	   experience.	   By	   contrast,	   the	   awarding	   authorities’	  
initial	  project	  specification	  for	  sustainable	  construction	  had	  little	  weight	  in	  structural	  engineers’	  
decisions.	  Besides	  that,	  and	  somehow	  in	  contrast	  to	  the	  widespread	  opinion	  that	  the	  cheapest	  
technical	  feasible	  option	  will	  be	  applied	  (Uebersax,	  2005),	  economic	  aspects	  were	  not	  the	  most	  
important	  criteria	  when	  deciding	  about	  RMCM	  (Knoeri	  et	  al.,	  2011b).	  
	  
Figure	  4:	  Behavioural	   frequencies	   in	   structural	  engineering	   (The	  applications	  are	  indicated	  in	  colour	   for	  
material	  specific	  decisions	  (e.g.	  2-­‐6),	  source:	  Knoeri	  et	  al.	  (2011b)).	  
Figure	   4	   shows	   the	   behavioural	   frequencies	   of	   construction	   stakeholders	   in	   structural	  
engineering	   (Knoeri	   et	   al.,	   2011b).	   The	   first	   key	   result	   is	   the	   contrast	   between	   the	   high	  
preference	  for	  sustainable	  construction	  of	  awarding	  authorities	  in	  their	  project	  specification	  (1)	  
with	   the	   low	   specification	   and	   recommendation	   frequencies	   in	   the	   decisions	   thereafter.	   This	  
indicates	   that	   construction	   experts	   do	   not	   yet	   link	   sustainable	   construction	   with	   RMCM.	   The	  
second	   point	   is	   the	   lack	   of	   differentiation	   between	   different	   applications	   in	   structural	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engineering.	  Besides	  the	  much	  higher	  acceptance	  of	  RMCM	  in	  civil	  engineering	  (CE),	  this	  is	  one	  
of	   the	   key	   sectorial	   differences	   and	  demonstrates	   higher	   RMCM	  knowledge	  penetration	   in	   CE	  
confirming	  findings	  from	  previous	  studies	  (Moser	  et	  al.,	  2004;	  Spoerri	  et	  al.,	  2009).	  We	  found	   that	  stakeholders	  make	   their	  decisions	  mostly	   rationally.	  This	  was	  shown	  by	  reasonably	   consistent	   judgments	   in	   the	   AHP	   procedure	   meaning,	   that	   most	   stakeholders	  take	   carefully	   reasoned	   decisions	   where	   they	   seek	   a	   cognisant	   balance	   among	   given	  alternatives	   regarding	   different	   criteria	   (Svenson,	   1979,	   1996).	   However,	   construction	  experts	  more	  frequently	  involved	  in	  construction	  decisions	  had	  slightly	  less	  consistent	  AHP	  judgement,	   indicating	   that	   they	  might	   use	   simpler	   decision	   heuristics	   (Johnson,	   Payne,	   &	  Bettman,	   1988;	   Jungermann,	   Pfister,	   &	   Fischer,	   1998).	   Further,	   stakeholders	   behaved	  rationally	   by	   choosing	   the	   highest	   ranked	   alternative	   in	   75%	   of	   all	   cases	   when	   making	  decisions,	   even	   if	   their	   AHP	   judgements	   were	   slightly	   less	   consistent.	   Thus,	   quantifying	  decision-­‐making	  with	  AHP	  provided	  a	  good	  model	  for	  mirroring	  behaviour.	  
	  
Key	  results:	  	  
• Awarding	  authorities,	  engineers,	  architects,	  and	  contractors	  identified	  key	  actors	  
• Interaction	  criterion	  most	  important	  but	  sustainability	  specification	  with	  little	  impact	  
• Crucial	  role	  of	  engineers,	  which	  decide	  mainly	  based	  on	  experience	  and	  standards	  
• Preferences	  for	  RMCM	  decrease	  throughout	  the	  process	  	  
• RMCM	  broadly	  accepted	  in	  CE	  but	  niche	  product	  in	  SE	  
• Mostly	  rational	  decision-­‐making	  and	  behaviour	  
Contribution	   to	   the	   topic:	   This	   analysis	   helped	   to	   understand	   construction	   stakeholders’	  
reluctance	  to	  a	  broader	  use	  of	  RMCM	  and	  sectorial	  differences.	  	  
Contribution	   to	   ABM:	   This	   research	   provided	   empirically	   based	   and	   tested	   agent	   decisions	  
rules	  and	  data	  for	  the	  subsequent	  agent	  based	  model.	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4.3 Simulating	  demand	  in	  an	  agent-­‐based	  supply	  &	  demand	  model	  Construction	  stakeholders’	  awareness	  of	  RMCM	  as	  an	  option	  in	  the	  decision	  process	  was	  one	   of	   the	   key	   factors	   to	   enhance	   the	   application	   of	   RMCM.	   This	   included	   considering	  sustainable	  construction	  in	  general	  in	  the	  initial	  project	  specification	  decision	  by	  awarding	  authorities	   as	   well	   as	   construction	   actors	   being	   aware	   of	   RC	   as	   an	   option	   in	   subsequent	  material	   decisions.	   Awarding	   authorities	   already	   considered	   sustainable	   construction	   in	  about	   50%	   of	   cases	   at	   the	   beginning	   of	   the	   construction	   project.	   Therefore,	   raising	   their	  awareness	  to	  100%	  increased	  the	  overall	  fraction	  of	  applied	  RMCM	  only	  by	  about	  5%.	  This	  is	   due	   to	   the	   weak	   association	   of	   sustainable	   construction	   in	   general	   with	   RMCM	   by	  architects	  and	  engineers.	  This	   implies	   that	  an	   improvement	  of	  such	   linkage	  will	   trigger	   its	  demand	  (Figure	  5).	  Further,	  the	  demand	  showed	  price	  elasticity	  in	  a	  particular	  range	  (about	  20%)	   around	   current	   prices,	   while	   larger	   differences	   had	   little	   additional	   effect	   (Knoeri,	  Nikolic,	  et	  al.,	  2014).	  
	  
Figure	  5:	  Recycled	  concrete	   fractions’	  sensitivity	   to	  changes	   in	  architects`	  and	  engineers`	  sensitivity	   to	  
the	   project	   specification	   (0	   if	   they	   consider	   options	   independent	   from	   awarding	   authorities`	   project	  
specification,	  1	  if	  sustainable	  construction	  is	  specified	  they	  always	  consider	  recycled	  concrete	  as	  an	  option,	  
displayed	  are	  mean	  values	  from	  20	  runs	  per	  parameter	  setting.	  Source:	  Knoeri,	  Nikolic,	  et	  al.	  (2014))	  
Based	  on	  the	  demand	  sensitivities	  and	  potential	  levers	  for	  policy	  interventions	  three	  distinct	  
(i.e.	   information,	  public	   initiative,	  and	  economic	   incentives)	  and	   two	  combined	  scenarios	  were	  
developed.	  The	   information	   scenario	  aimed	  at	   raising	   construction	   stakeholders’	   awareness	  of	  
RMCM	  but	   in	  particular	  engineers’	  and	  architects’	   association	  of	   sustainable	   construction	  with	  
RMCM.	  The	  public	  initiative	  scenario	  simulated	  the	  effect	  of	  isolated	  public	  efforts	  through	  their	  
own	  projects	  and	  improving	  norms	  regarding	  RMCM.	  Economic	  incentives	  included	  a	  10%	  price	  
advantage	  for	  RMCM.	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The	   most	   effective	   interventions	   for	   a	   transition	   towards	   a	   closed-­‐loop	   recycling	   were	  
extensive	  information	  combined	  with	  small	  economic	  incentives	  leading	  to	  70%	  demand	  for	  RC	  
of	   all	   demand	   for	   concrete	   (Knoeri,	   Nikolic,	   et	   al.,	   2014).	   The	   campaigns	   should	   address	   in	  
particular	  architects	  and	  engineers	  and	  inform	  about	  the	  option	  of	  recycled	  materials.	  However,	  
complete	   reuse	   in	   particular	   of	   the	   large	   amounts	   of	   mixed	   rubble	   might	   require	   higher	  
aggregates	  substitution	  rates	  as	  the	  current	  40%,	  or	  further	  making	  RC	  to	  the	  mainstream	  type	  
of	  concrete	  applied	  (Figure	  6).	  
	  
Figure	   6:	   Annual	   demand	   for	   recycled	   aggregates	   (i.e.	   concrete	   rubble	   (blue	   boxes)	   and	  mixed	   rubble	  
(green	   boxed))	   in	   different	   scenarios	   in	   comparison	   to	   the	   potential	   concrete	   rubble	   supply	   for	   two	  
different	  aggregate	  substitution	  fractions,	  (left	  25%,	  right	  40%)	  (Source:	  Knoeri,	  Nikolic,	  et	  al.	  (2014)).	  	  	  Having	  extensive	  empirical	  data	  about	  agents`	  decision-­‐making	  processes,	  and	  behaviour	  at	  hand,	  raised	  the	  question	  of	  the	  level	  of	  detail	  of	  this	  data	  that	  should	  be	  implemented	  in	  the	   model.	   Following	   the	   model	   development	   cycle	   (e.g.	   Grimm	   &	   Railsback	   (2005),	   and	  Sargent	   (2008))	   we	   iteratively	   added	   or	   changed	   the	   decision	   traits	   in	   the	  model	   until	   a	  sufficiently	   accurate	   representation	   of	   the	   about	   11%	   demand	   for	   recycling	   materials	  reported	  (FOEN,	  2001a,	  2008;	  Moser	  et	  al.,	  2004)	  was	  reached.	  This	   analysis	   exemplifies,	   using	   the	   data	   from	   the	   agent	   operationalization	   approach,	  how	  environmental	  innovations	  in	  complex	  socio-­‐technical	  systems	  could	  be	  captured	  with	  empirically	   based	   ABM.	   It	   demonstrates	   the	   value	   of	   empirically	   operationalized	   agent	  architectures	   on	   one	   hand,	   but	   emphasises	   the	   importance	   of	   an	   iterative	   model	  development	  on	  the	  other	  hand.	  This	  is	  highlighted	  by	  the	  fact	  that	  option	  awareness,	  one	  of	  most	   important	   factor	   for	   a	   realistic	   demand	   representation,	   was	   not	   operationalized	  beforehand	  but	  discovered	  through	  iterative	  model	  development.	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Key	  results:	  	  
• Demand	  for	  RMCM	  most	  sensitive	  to	  construction	  stakeholders`	  awareness	  of	  this	  option	  
and	  architects’	  and	  engineers’	  reaction	  to	  previous	  decisions	  
• Information	  campaigns	  with	  small	  price	  incentives	  most	  effective	  to	  boost	  demand	  
• Closed-­‐loop	  recycling	  for	  all	  concrete	  rubble	  and	  for	  about	  1/2	  mixed	  rubble	  possible	  
• Realistic	  demand	  when	  option	  awareness	  and	  multi-­‐criteria	  decisions	  were	  included	  
Contribution	   to	   the	   topic:	   The	   sensitivity	   analysis	   highlighted	   the	   importance	   of	   knowing	  
RMCM	  as	  an	  option	  in	  the	  decision	  process.	  The	  results	  showed	  that	  alignment	  of	  supply	  and	  
demand	   is	   possible	   with	   reasonable	   intervention	   scenarios,	   but	   a	   completely	   closed-­‐loop	  
would	  require	  RC	  to	  become	  the	  standard.	  
Contribution	   to	   ABM:	   This	   research	   exemplified	   the	   application	   of	   the	   agent	  
operationalization	  approach	  developed,	  but	  highlighted	  the	  importance	  of	  an	  iterative	  model	  
development	   despite	   solid	   empirical	   agent	   data.	   Further,	   the	   context	   specific	   agent	   based	  
model	   showed	  the	  potential	  of	  using	  ABM	  to	  address	  “real	  world	  problems”	  and	   therefore	  
going	  beyond	  proof	  of	  concept	  studies.	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4.4 Environmental	  impacts	  assessment	  
The	   aim	   was	   to	   establish	   a	   comparative	   LCA	   of	   conventional	   concrete	   (CC)	   and	   recycled	  
concrete	  (RC)	  and	  to	  analyse	  the	  effect	  of	  cement	  content	  and	  transport	  distances.	  The	  system	  
includes	  all	  processes	   from	  aggregates’	  extraction	   (CC)	  and	  building	  dismantling	   (RC)	   to	   ready-­‐
for-­‐use	   concrete	   on	   the	   construction	   site.	   The	   functional	   unit	   is	   1m3	   of	   concrete	   of	   a	   specific	  
strength	  class	  at	  the	  construction	  site	  (Figure	  7)	  (Knoeri,	  Sanyé-­‐Mengual,	  &	  Althaus,	  2013).	  
	  
Figure	  7:	  System	  boundaries,	  processes	  and	  materials	   for	   the	  conventional	   concrete	  and	   the	   recycling	  
concrete	  systems	  (Light	  blue	  box	  indicates	  reference	  products,	  grey	  boxes	  processes,	  solid	  arrows	  product	  
flows	  and	  dotted	  arrow	  avoided	  impacts	  considered.	  Source:	  Knoeri	  et	  al.	  (2013))	  
RC	   mixtures	   for	   structural	   concrete	   applications	   have	   significant	   environmental	   benefits	  
compared	   to	  CC	  with	   the	   same	  cement	   type	   (mean	  31%,	  StD	  9%)	  at	  endpoint	   level.	  However,	  
they	  have	  similar	  global	  warming	  potential	  (GWP)	  due	  to	  higher	  cement	  content	  when	  recycled	  
aggregates	   are	   used	   (mean	   reduction	   for	   RC	   5%,	   StD	   7%).	   Corresponding	   to	   previous	   studies	  
(Marinkovic	  et	  al.	  (2010);	  Holcim	  (2010);	  Weil	  et	  al.	  (2006))	  cement	  and	  transport	  were	  identified	  
as	  the	  main	  contributor	  to	  environmental	  impacts	  of	  concrete.	  However	  the	  difference	  between	  
RC	   and	   CC	   impacts	   is	   mainly	   due	   to	   the	   avoided	   impacts	   from	   C&D	   waste	   transport	   and	  
landfilling	  and	  those	  of	  pig-­‐iron	  production	  (i.e.	  due	  to	   iron	  scrap	  recovery).	  This	  confirms	  that	  
the	  unfavourable	  results	  for	  RC	  in	  previous	  studies	  are	  due	  to	  the	  exclusion	  of	  benefits	  from	  co-­‐
products	  of	  the	  recycling	  process.	  
The	  additional	   amount	  of	   cement	  needed	   for	  RC	   is	   key	   for	   its	   environmental	  performance.	  
The	   impact	   comparison	  with	   the	   rather	   unfavourable	   GWP	   shows	   that	   limiting	   the	   additional	  
cement	  to	  about	  10%	  compared	  to	  the	  amount	  used	  in	  CC	  keeps	  the	  impacts	  comparable	  to	  CC.	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For	   the	  Swiss	   reference	   transport	  distances	  all	  RC	  mixtures	  have	   lower	  environmental	   impacts	  
than	  CC	  for	  all	   indicators.	  However, additional	  transport	  for	  RC	  above	  15	  km	  starts	  to	  shift	  the	  
balance	  again	  for	  GWP.	  We	  can	  conclude	  that	  C&D	  waste	  reuse	  in	  high-­‐grade	  structural	  concrete	  
applications	   has	   not	   only	   the	   potential	   to	   conserve	   natural	   gravel	   resources	   and	   limit	   waste	  
streams	  to	  landfills	  but	  also	  to	  mitigate	  wider	  environmental	  impacts.	  
	  
Key	  results:	  
• Clear	  (≈30%)	  environmental	  benefits	  of	  RC	  compared	  to	  CC	  
• Difference	  mainly	  from	  avoided	  pig-­‐iron	  production	  and	  C&D	  waste	  disposal	  
• Limit	  additional	  amount	  of	  cement	  (≈10%)	  and	  transport	  distances	  (≈15km)	  for	  RC	  
Contribution	  to	  the	  topic:	  The	  results	  support	  the	  action	  already	  taken	  to	  enhance	  the	  use	  of	  
RC	  in	  Switzerland	  through	  norms	  and	  standards	  (Minergie,	  2014;	  SIA,	  2010).	  In	  addition,	  clear	  
thresholds	  for	  a	  sustainable	  use	  of	  RC	  are	  provided.	  
Contribution	   to	   LCA:	   This	   research	   addresses	   previous	   doubts	   about	   the	   environmental	  
benefits	   of	   RC	   compared	   to	   conventional	   concrete.	   Cement	   production	   is	   still	   the	   main	  
contributor,	  but	  considering	  benefits	  from	  recovered	  steel	  scrap	  and	  avoided	  impacts	  of	  C&D	  
waste	  disposal,	  shifts	  the	  balance	  in	  favour	  of	  RC.	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4.5 Synthesis:	  Aligning	  supply	  and	  demand	  with	  minimal	  environmental	  impacts	  
Information	  scenarios	  combined	  with	  small	  economic	  incentives	  might	  increase	  the	  demand	  
for	  RC	  up	  to	  70%	  of	  all	  concrete	  applications.	  With	  an	  environmental	  benefit	  of	  30%	  per	  m3	  of	  
concrete	  applied	   compared	   to	   conventional	   concrete	   this	  would	   lead	   to	  a	   total	  environmental	  
impact	  reduction	  from	  the	  concrete	  production	  in	  Switzerland	  of	  approximately	  20%.	  
A	   complete	   reuse	   will	   require	   a	   shift	   towards	   recycled	   concrete	   as	   a	   standard	   or	   higher	  
aggregate	   substitution	   rates.	   This	   might	   lead	   to	   unintended	   consequences	   though,	   such	   as	  
increasing	  environmental	  impacts	  due	  to	  larger	  transport	  distances	  and	  higher	  cement	  demand	  
required	   to	   produce	   recycled	   concrete	   of	   the	   same	   quality	   as	   conventional	   concrete	   with	  
increased	  aggregate	  substitution.	  As	  shown	  above	  differences	  in	  transport	  distances	  larger	  than	  
15km	  or	  additional	   cement	  contents	  above	  30kg	  per	  m3	   lead	   to	  higher	  environmental	   impacts	  
than	   comparable	   conventional	   concrete.	   However,	   to	   break	   even	   with	   the	   current	   system	  
regarding	   overall	   environmental	   impacts,	   the	   remaining	   30%	   of	   RC	   applications	   would	   need	  
significantly	   (i.e.	  more	  than	  double)	  higher	  environmental	   impacts	  than	  conventional	  concrete.	  
As	  this	  is	  highly	  unlikely	  even	  a	  closed-­‐loop	  recycling	  system	  would	  be	  environmentally	  beneficial	  
compared	  to	  the	  current	  system	  dominated	  by	  conventional	  concrete.	  	  
Synthesising	  the	  results	  of	   the	  ABM	  and	  the	  LCA	  allows	  for	  the	  deriving	  of	  a	  new	  quality	  of	  
results.	   First,	   an	   assessment	   of	   the	   environmental	   reduction	   over	   a	   whole	   system	   (i.e.	   about	  
20%)	   under	   different	   scenarios	   is	   possible.	   Second,	   implication	   of	   potential	   extreme	   scenarios	  
(e.g.	  complete	  reuse	  with	  higher	  aggregate	  substitution	  rates)	  could	  be	  put	  in	  context	  and	  their	  
environmental	  impacts	  assessed	  from	  a	  systemic	  perspective.	  
	  
Key	  results:	  
• Enhanced	  demand	  for	  RC	  could	  reduce	  total	  environmental	  impacts	  by	  about	  20%	  
• Complete	  reuse	  might	  occasionally	  push	  the	  limits	  of	  sustainable	  RC	  application	  
• But	  from	  a	  system	  perspective	  even	  complete	  reuse	  looks	  more	  sustainable	  	  
Contribution	   to	   the	   topic:	   The	   scale	   of	   reduction	   shows	   that	   there	   are	   significant	  
environmental	   gains	   to	   make	   when	   shifting	   towards	   higher	   use	   of	   RMCM,	   but	   pushing	  
towards	  a	  complete	  reuse	  might	  have	  some	  adverse	  effects.	  
Contribution	   to	   ABM	   and	   LCA:	   Integrating	   ABM	   and	   LCA	   results	   allowed	   a	   systemic	  
assessment	   of	   different	   construction	   management	   scenarios.	   The	   link	   of	   an	   explicitly	  
modelled	  foreground	  system	  (ABM)	  with	  a	  standard	  attributive	  LCA	  makes	  a	  step	  toward	  a	  
more	   dynamic	   and	   consequential	   assessment	   of	   environmental	   impact	   related	   changes	   in	  
socio-­‐technical	  systems.	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5 Discussion	  
This	  research	  contributed	  to	  the	  method	  of	  agent-­‐based	  modelling	  by	  developing	  the	  agent	  
operationalization	   approach	   to	   empirically	   operationalize	   agents’	   decision	   and	   interaction,	  
demonstrating	   an	   ABM	   example	   for	   socio-­‐technical	   transition	   management,	   and	   integrating	  
ABM	  and	  LCA	  for	  a	  systemic	  environmental	  impact	  assessment.	  Contributing	  to	  the	  case	  study,	  
this	   thesis	   revealed	   construction	   stakeholders’	   preferences	   and	   decision-­‐mechanisms,	  
developed	  policy	  recommendation	  to	  enhance	  the	  demand	  for	  RMCM,	  and	  provided	  guidelines	  
for	  a	  sustainable	  application	  of	  RMCM.	  	  
These	   contributions	   are	   elaborated	   on	   in	   two	   parts:	   First,	   the	   relevance	   of	   the	   findings	   is	  
discussed	  from	  a	  methodological	  and	  case	  study	  point	  of	  view.	  Second,	  open	  issues	  and	  further	  
research	   for	   ABM,	   socio-­‐technical	   transition	   research,	   LCA,	   and	   construction	   material	  
management	  are	  highlighted.	  
5.1 Relevance	  
5.1.1 Method:	  Agent-­‐based	  modelling	  
To	  the	  field	  of	  ABM	  this	  research	  made	  three	  distinct	  contributions;	  The	  first,	  with:	  
	  
	  The	   agent	   operationalisation	   approach	   provides	   a	   comprehensive	   framework	   to	  
operationalize	  key	  system	  agents,	  their	   interaction,	  decision-­‐making	  and	  behaviour	  for	  ABM.	  It	  
therefore	   addresses	   three	   major	   concerns	   limiting	   ABMs’	   full	   potential:	   (i)	   Going	   beyond	   a	  
“proof	  of	  concept”	  (e.g.	  Janssen	  &	  Ostrom,	  2006;	  Matthews	  et	  al.,	  2007):	  The	  approach	  gives	  a	  
specific	  strategy	  for	  embedding	  empirical	  knowledge	  into	  modelling	  practices.	  The	  credibility	  of	  
models	   is	   enhanced	   through	   a	   step-­‐by-­‐step	   participatory	   approach	   for	   identifying	   relevant	  
agents	   and	   analysing	   their	   interaction	   chain.	   (ii)	   Behaviourally	   realistic	   agents	   (e.g.	   Jager	   &	  
Janssen,	   2002;	  Mosler	   &	   Tobias,	   2005):	   The	  model’s	   parameters	   space	   to	   scan	   is	   reduced	   by	  
providing	  an	  array	  of	  sample	  agents	  with	  empirically	  quantified	  decision-­‐making	  and	  behaviour.	  
(iii)	  Conceptual	  validity	   (e.g.	  Axelrod,	  1997a;	  Louie	  &	  Carley,	  2008;	  Windrum	  et	  al.,	  2007):	  The	  
approach	  enhances	   the	  conceptual	  model	  validity	  by	  providing	  a	  way	   to	  empirically	   test	  one’s	  
theoretical	  assumptions.	  	  
The	   exemplification	   of	   the	   approach	   by	  means	   of	   the	   Swiss	  mineral	   construction	  material	  
case	   study	   demonstrated	   its	   practicability.	  However,	   having	   a	   vast	   amount	   of	   empirical	   agent	  
data	  ready	  available	  early	  in	  the	  model	  development	  might	  tempt	  a	  premature	  implementation	  
of	   overly	   complex	  models.	   Therefore,	   this	   research	   highlights	   or	   in	   fact,	   reiterates	   (Grimm	  &	  
Railsback,	  2005;	  Sargent,	  2008)	  the	  importance	  of	  an	  iterative	  model	  development.	  This	  allows	  
for	  tracking	  the	  effect	  of	  each	  additional	  feature	  on	  the	  results	  and	  therefore	  avoiding	  the	  pitfall	  
of	  overly	  complex	  models	  with	  blurred	  explanatory	  power.	  	  
the	  development	  &	  exemplification	  of	  the	  agent	  operationalisation	  approach.	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A	  second	  contribution	  was	  made	  by:	  
	  
This	  research	  presents	  a	  new	  example	  of	  sustainable	  material	  management	  and	  contributes	  
to	   a	   growing	   field	   of	   socio-­‐technical	   transition	   simulation	   studies	   (Bergman	   et	   al.,	   2008;	  
Haxeltine	   et	   al.,	   2008;	   van	  Dam	  et	   al.,	   2013).	  Modelling	   socio-­‐technical	   transition	  pathways	   is	  
considered	   a	   promising	   tool	   to	   assess	   potential	   pathways	   leading	   to	  more	   sustainable	   regime	  
configurations	   (Geels	  &	  Schot,	  2007;	  Rotmans	  &	  Loorbach,	  2009).	  The	  results	  highlight	   the	  co-­‐
evolution	  of	  regime	   items	   in	  socio-­‐technical	  transitions,	  as	  user	  practices	  (i.e.	  demand)	  change	  
depending	  on	  their	  knowledge	  and	  experience	  (e.g.	  option	  awareness	  and	  references),	  cultural	  
and	  symbolic	  meaning	   (i.e.	   image	  and	   trends),	  and	   infrastructure	   (i.e.	  available	  materials	   from	  
structural	   and	   civil	   engineering	   stock).	   While	   previous	   studies	   argued	   such	   co-­‐evolution	  
qualitatively	  (e.g.	  Foxon,	  2011;	  Unruh,	  2002)	  this	  study	  demonstrates	  and	  quantifies	  co-­‐evolving	  
regimes	  in	  a	  socio-­‐technical	  model.	  
The	  third	  contribution	  can	  be	  summarized	  as:	  	  
	  
Integrating	  LCA	  and	  ABM	  goes	  in	  the	  direction	  of	  a	  dynamic	  LCA	  where	  a	  dynamic	  foreground	  
system	   (e.g.	   agent-­‐based	   supply	   and	   demand	   model)	   is	   linked	   to	   an	   LCI	   background	   system	  
(Davis,	   Nikolić,	   &	   Dijkema,	   2009).	   In	   contrast	   to	   most	   traditional	   LCA	   studies,	   which	   assess	  
individual	   products	   or	   services	   at	   one	   point	   in	   time,	   such	   combination	   allows	   for	   evaluating	  
environmental	   impacts	   over	   time	   and	   at	   a	   system	   level.	   For	   example,	   the	   assessment	   of	   the	  
environmental	  impact	  reduction	  over	  a	  whole	  system	  under	  different	  scenarios,	  and	  implication	  
of	  potential	  extreme	  scenarios	  (e.g.	  complete	  reuse	  with	  higher	  aggregate	  substitution	  rates)	  is	  
possible.	  	  
5.1.2 Case	  study:	  Sustainable	  construction	  materials	  management	  
To	  the	  case	  study	  of	  sustainable	  construction	  materials	  management	  in	  Switzerland	  this	  
research	  contributed	  with	  the	  following	  three	  aspects:	  First,	  by:	  
	  
We	  found	  that	  whereas	  in	  CE	  RMCM	  were	  broadly	  accepted	  they	  were	  still	  niche	  products	  in	  
SE.	  In	  both	  construction	  sectors,	  awarding	  authorities’	  initial	  project	  specification	  for	  sustainable	  
construction	   had	   little	   relevance	   to	   the	   subsequent	   material	   specific	   decision.	   It	   was	   the	  
engineers’	  design	  specifications,	  which	  stood	  at	  the	  origin	  of	  material	  specific	  decisions,	  which	  
showed	   significantly	   higher	   preferences	   for	   RMCM	   in	   CE.	   All	   subsequent	   decisions	   were	  
primarily	   influenced	   by	   the	   interaction	   criteria.	   That	   was	   the	   reason	   why	   stakeholders	   in	   SE	  
presenting	  an	  example	  of	  ABM	  for	  socio-­‐technical	  transition	  management.	  
integrating	  LCA	  and	  ABM	  for	  dynamic	  and	  systemic	  assessment.	  
revealing	  construction	  stakeholders’	  preferences	  and	  decision	  mechanisms.	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involved	   later	   in	   the	   chain	   usually	   followed	   the	   engineers’	   recommendation	   and	   mainly	  
preferred	  conventional	  materials.	  	  
	  
A	  second	  contribution	  was	  made	  through:	  	  
	  This	   research	   shows	   that	   the	   most	   effective	   interventions	   for	   a	   transition	   towards	  closed-­‐loop	   mineral	   construction	   material	   management	   are	   extensive	   information	  campaigns,	   as	   already	   proposed	   by	   Spoerri	   et	   al.	   (2009),	   combined	   with	   small	   price	  incentives.	  The	  campaigns	  should	  primarily	  address	  the	  construction	  experts	  (e.g.	  architects	  and	   engineers)	   and	   inform	   about	   the	   option	   of	   recycled	   materials,	   their	   established	  standards,	  and	  relation	  to	  sustainable	  construction	  in	  general	  (e.g.	  through	  labels	  (Minergie,	  2014)).	   In	   combination	   with	   small	   price	   incentives	   (about	   5%)	   information	   campaigns	  might	  be	  sufficient	  to	  significantly	  enhance	  the	  use	  of	  recycled	  materials.	  	  Still,	  simulation	  results	  imply	  that	  even	  such	  high	  RC	  demand	  fraction	  of	  almost	  70%	  is	  insufficient	   for	   a	   complete	   reuse	   of	   C&D	  waste	   streams.	  A	  complete	  reuse	  would	  require	  a	  
shift	  towards	  recycled	  concrete	  as	  a	  standard	  or	  higher	  aggregate	  substitution	  rates.	  This	  might	  
lead	   to	   unintended	   consequences	   though,	   as	   environmental	   impacts	   might	   increase	   due	   to	  
larger	  transport	  distances	  and	  higher	  cement	  demand	  required	  to	  produce	  recycled	  concrete	  of	  
the	   same	   quality	   as	   conventional	   concrete	   with	   increased	   aggregate	   substitution.	   However,	  
since	   these	   adverse	   effects	  might	   only	   apply	   for	   a	  minority	   of	   the	   applications	   (i.e.	   remaining	  
30%),	  from	  a	  systemic	  perspective	  a	  closed-­‐loop	  recycling	  system	  would	  still	  be	  environmentally	  
beneficial	  compared	  to	  the	  current	  system	  dominated	  by	  conventional	  concrete.	  	  
Third,	  this	  research	  contributes	  with:	  
	  C&D	   waste	   reuse	   in	   high-­‐grade	   structural	   concrete	   applications	   has	   not	   only	   the	  potential	  to	  conserve	  natural	  gravel	  resources	  and	  limit	  waste	  streams	  to	  landfills	  but	  also	  to	   mitigate	   wider	   environmental	   impacts.	   This	   study	   demonstrated	   that	   RC	   reduces	   the	  environmental	   impacts	   to	   about	   70%	  of	   the	   CC	   impacts	   if	   co-­‐products	   from	   the	   recycling	  process	  are	  in	  the	  scope.	  This	  is	  at	  least	  partly	  in	  contrast	  to	  previous	  studies	  which	  showed	  equal	   or	   even	   higher	   environmental	   impacts	   of	   RC	   compared	   to	   CC	   (Holcim,	   2010;	  Marinkovic	   et	   al.,	   2010).	   However,	  while	   cement	   production	   is	   still	   the	  main	   contributor,	  considering	   benefits	   from	   recovered	   steel	   scrap,	   avoided	   transport	   of	   C&D	   waste	   to	   the	  deposition	  site	  and	  avoided	   impacts	  of	  C&D	  waste	  disposal	   shifts	   the	  balance	   in	   favour	  of	  RC.	  Exclusion	  of	  these	  processes	  explained	  some	  of	  the	  differences	  to	  previous	  studies.	  If	  the	  additional	   amount	   of	   cement	   used	   for	   RC	   is	   limited	   to	   about	   10%	   the	   impact	   is	   in	   a	  comparable	   range.	   While	   C&D	   waste	   composition	   has	   little	   influence	   on	   the	   results,	  additional	   transport	   for	   RC	   above	   15km	   starts	   to	   shift	   the	   balance	   again	   for	   GWP.	   These	  
policy	  recommendation	  to	  enhance	  the	  demand	  for	  RMCM.	  
clear	  recommendation	  regarding	  a	  sustainable	  application	  of	  RC.	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thresholds	  have	  been	  used	  as	  recommendations	  for	  a	  sustainable	  application	  of	  RC	  directly	  addressing	  policy	  and	  industrial	  decision-­‐makers.	  
5.2 Open	  issues	  and	  further	  research	  
Agent-­‐based	  modelling:	  The	  broad	  range	  of	  ABM	  application,	  from	  highly	  context	  specific	  “case-­‐based	   models”	   to	   generalizable	   “theoretical	   abstractions”,	   influences	   the	   type	   of	  empirical	   data	   and	   validation	   methods	   required	   (Boero	   &	   Squazzoni,	   2005;	   Janssen	   &	  Ostrom,	   2006).	   Since	   the	   agent	   operationalization	   approach	   was	   developed	   in	   a	   highly	  context	   specific	  ABM	  application	  where	  agent	  decisions	   required	  a	  great	  deal	  of	   cognitive	  effort,	   its	   generalizability	   is	   limited.	   The	   adaptation	   of	   the	   proposed	   approach	   for	  operationalizing	  agents	  to	  “theoretical	  abstractions”	  will	  therefore	  be	  the	  subject	  for	  further	  research.	   The	   approach	   should	   also	   be	   adapted	   for	  ABM	  applications	  with	  more	   informal	  social	   interaction	   and	   less	   cognisant	   decisions.	   Once	   implemented,	   the	   fact	   that	   the	  most	  sensitive	   parameters	   had	   little	   empirical	   foundation	   clearly	   advocates	   more	   model	  iterations	  and	  early	  simulation	  runs	  with	  dummy	  data.	  Analysing	  how	  to	  balance	  the	  effort	  on	  modelling	  and	  empirical	  data	  collection	  in	  relation	  to	  model	  results	  might	  therefore	  be	  a	  promising	  strand	  of	  further	  research	  for	  context	  specific	  ABM	  developments.	  
Socio-­‐technical	  transitions:	  The	  model	  developed	  in	  this	  research	  captured	  most	  key	  aspects	  
of	  socio-­‐technical	  transitions	  as	  outlined	  by	  Geels	  (2002,	  2005).	  In	  particular	  user	  practices	  (i.e.	  
construction	   stakeholders’	   material	   preferences),	   techno-­‐specific	   knowledge	   (i.e.	   option	  
awareness	   and	   experience),	   and	   cultural	   and	   symbolic	   meaning	   (i.e.	   image	   and	   trends)	   were	  
modelled	   bottom-­‐up.	   Other	   regime	   items	   such	   as	   technologies	   (i.e.	   applicable	   materials),	  
sectorial	   policies	   (i.e.	   norms	   and	   standards),	   industrial	   networks	   (i.e.	   material	   supply	   and	  
demand	  networks),	  and	  infrastructure	  (i.e.	  structural	  and	  civil	  engineering	  stock)	  were	  modelled	  
top-­‐down	  as	  exogenous	  variables	  influencing	  individual	  agent	  behaviour.	  But	  these	  regime	  items	  
might	   also	   emerge	   from	   individual	   agent	   behaviour,	   for	   example	   new	   supply	   networks	  might	  
emerge	   from	   growing	   demand.	   Further,	   with	   increasing	   market	   penetration	   of	   RMCM	   the	  
technology	   grows	   out	   of	   the	   niche	   and	   will	   consequently	   benefit	   from	   economies	   of	   scale.	  
Future	  research	  might	  therefore	  study	  how	  to	  model	  the	  interaction	  of	  a	  complete	  set	  of	  regime	  
items	   from	   the	   bottom	   up	   and	   how	   they	   outgrow	   the	   niche	   to	   become	   the	   mainstream	  
technology.	  	  
Life	   cycle	  assessment:	   The	   integration	  of	   LCA	  and	  ABM	   results	  provides	   a	   first	   step	   toward	  
more	   systemic,	   dynamic	   and	   consequential	   environmental	   impact	   assessments.	   However,	   the	  
static	   attributive	   inventories	   used	   in	   this	   research	   are	   expected	   to	   change	   over	   time	   as	   the	  
foreground	   system	   might	   significantly	   alter	   the	   processes	   in	   the	   background	   system	   (e.g.	  
changing	   compositions	   of	   C&D	   waste).	   In	   addition,	   due	   to	   the	   long	   lifetime	   of	   mineral	  
construction	  materials	   consequential	  approaches	  might	  be	  more	  adequate	  but	   require	   further	  
system	   expansion	   (e.g.	   indirect	   impact	   of	   land-­‐use	   transformation).	   Therefore,	   the	   effect	   of	  
static	   vs.	   dynamic	   LCI,	   attributive	   vs.	   consequential	   study	   designs,	   and	   integrated	   foreground	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and	  background	  systems,	  on	  LCA	  results	  is	  yet	  unclear	  and	  a	  promising	  route	  for	  future	  research	  
(e.g.	  Hecher,	  Posch,	  Binder,	  &	  Knoeri,	  2014;	  Miller,	  Moysey,	  Sharp,	  &	  Alfaro,	  2013;	  Reap,	  Roman,	  
Duncan,	  &	  Bras,	  2008).	  
Construction	   material	   management:	   Supplies	   of	   RMCM	   from	   C&D	   waste,	   as	   well	   as	   the	  
demand	  for	  concrete	  applications	  strongly	  depend	  on	  future	  construction	  activity.	  Linking	  both	  
to	   construction	   investment	   scenarios	   allowed	   assessment	   of	   the	   alignment	   of	   supply	   and	  
demand	   to	   a	   certain	   extent	   independently	   of	   construction	   activity.	   However,	   if	   the	   type	   of	  
future	   construction	   investments	   started	   to	   changes,	   for	   example	   demolition	   and	   replacement	  
becomes	   the	   mainstream	   investment	   into	   the	   building	   stock,	   C&D	   waste	   volumes	   will	   more	  
dramatically	   increase	  and	  more	  extreme	  measures	  might	  be	   required	   for	   closed-­‐loop	  material	  
management.	   In	   this	   research	   the	   decisions	   leading	   to	   new-­‐construction,	   renovation	   or	  
demolition	  of	   the	  built	   environment	  were	   all	   simplified	  by	  means	  of	   construction	   investment.	  
Therefore,	  an	  in-­‐depth	  analysis	  and	  modelling	  of	  these	  decisions	  might	  be	  a	  promising	  strand	  of	  
future	  work	  (Friege	  &	  Chappin,	  2014;	  Knoeri,	  Goetz,	  &	  Binder,	  2014).	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6 Conclusion	  A	  transition	  towards	  sustainable	  construction	  materials	  management	  presents	  one	  of	  the	  bigger	   challenges	  of	   the	  21st	   century,	  with	   construction	  materials	   among	   the	  most	  heavily	  consumed	  commodities	  globally,	  significant	  carbon	  implications	  of	  cement	  production,	  and	  increasing	  construction	  &	  demolition	  (C&D)	  waste	  streams.	  Reusing	  C&D	  waste	  as	  recycled	  mineral	  construction	  materials	  (RMCM)	  has	  been	  considered	  as	  a	  valuable	  option	  to	  substitute	  
primary	   aggregates,	   to	   reduce	   C&D	  waste	   deposition	   where	   space	   for	   landfills	   is	   increasingly	  
scarce,	  and	  to	  reduce	  associated	  environmental	  impacts.	  	  
However,	   besides	   the	   large	   and	   increasing	   amounts	   of	   C&D	   waste	   and	   proven	   and	  
standardised	  technical	  feasibility	  RMCM	  are	  not	  yet	  broadly	  accepted	  nor	  applied.	  Furthermore,	  
from	   an	   ecological	   perspective	   it	   was	   not	   clear	   whether	   RMCM	   have	   environmental	   benefits	  
compared	  to	  conventional	  materials	  and	  if	  reuse	  is	  the	  most	  suitable	  treatment	  of	  C&D	  waste.	  	  
In	   this	   thesis,	   these	   issues	  were	   addressed	   from	   a	   systemic	   perspective	   including	   technical	  
(i.e.	  material	  flows),	  socio-­‐economic	  (i.e.	  stakeholders’	  decisions	  and	  interaction),	  and	  ecological	  
aspects	   (i.e.	   environmental	   impacts)	   and	   sustainable	   construction	   material	   management	   was	  
conceptualised	  as	  a	  socio-­‐technical	  transition.	  	  	  	  
This	   research	   achieved	   its	   objective	   of	   developing	   a	   simulation	   tool	   to	   analyse	   transitions	  
towards	  a	  more	  sustainable	  construction	  material	  management.	  Specifically,	  it	  (i)	  demonstrated	  
the	  large	  supply	  potential	  of	  C&D	  waste	  for	  RMCM,	  (ii)	  revealed	  actors’	  decisions	  and	  interaction	  
about	  the	  demand	  for	  RMCM,	  (iii)	  showed	  that	  targeted	  information	  campaigns	  combined	  with	  
small	   price	   incentives	   are	   sufficient	   to	   significantly	   enhance	   the	   demand	   for	   RMCM,	   and	   (iv)	  
substantiated	  environmental	  benefits	  of	  RMCM	  compared	  to	  conventional	  materials.	  Based	  on	  
these	   findings	   specific	   recommendations	   for	   sustainable	   construction	   material	   management	  
were	  developed	  and	  communicated	  to	   industrial	  stakeholders,	  and	  policy	  makers.	  Further,	  this	  
research	   contributed	   to	   the	  methodological	   development	   of	   agent-­‐based	  modelling	   (ABM)	   by	  
developing	   an	   agent-­‐operationalisation	   approach,	   providing	   a	   context	   specific	   agent-­‐based	  
model	  of	  a	  socio-­‐technical	  transition,	  and	  integrating	  ABM	  and	  life	  cycle	  assessment.	  	  
In	   summary,	   this	   research	   showed	   that	   a	   systemic	   assessment	   of	   complex	   socio-­‐technical	  
transitions	  generates	  a	  new	  quality	  of	  results.	  In	  particular	  the	  integration	  of	  different	  methods,	  
analysing	  demand	  and	  supply	  and	  related	  environmental	  impacts,	  revealed	  new	  insights	  as	  well	  
as	  open	  issues	  for	  further	  research	  at	  the	  cross	  section	  of	  methods	  applied.	  This	  comprehensive	  
analysis	  demonstrated	  that	  C&D	  waste	  stream	  could	  be	  almost	  completely	  reused	  for	  RMCM	  in	  
the	  Swiss	  case	  study,	  which	  would	  be	  achievable	  through	  extensive	  information	  campaigns,	  but	  
under	   current	  norms	  and	   standards,	  while	   significantly	   reducing	   the	   associated	  environmental	  
impacts.	  Therefore,	  C&D	  waste	  reuse	  for	  RMCM	  present	  a	  valuable	  transition	  pathway	  toward	  a	  
more	  sustainable	  construction	  material	  management.	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Publication	  I	  
An	   agent	   operationalization	   approach	   for	   context	   specific	   agent-­‐
based	  modelling	  
Overview	  This	  paper	  presents	  an	  operationalization	  approach	  to	  determine	  the	  key	  system	  agents,	  their	   interactions,	   decision-­‐making	   and	   behaviours	   for	   context	   specific	   agent-­‐based	  modelling	   (ABM).	   It	   thus	   addresses	   three	  major	   concerns	   limiting	   the	   full	   exploitation	   of	  ABM’s	   potential;	   (i)	   agents	   are	  modelled	   too	   simple	   and	   behave	   unrealistically	  with	   little	  empirical	   basis,	   (ii)	   'proof	   of	   concept'	   applications	   are	   too	   theoretical	   and	   (iii)	   too	  much	  value	  is	  placed	  on	  operational	  validity	  instead	  of	  conceptual	  validity.	  Results	  from	  the	  Swiss	  mineral	   construction	   material	   case	   study	   illustrate	   the	   data,	   which	   can	   be	   derived	   by	  applying	   the	   proposed	   approach	   and	   demonstrate	   it’s	   practicability	   for	   context	   specific	  agent-­‐based	  model	  development.	  
Main	  findings	  The	  approach	  addresses	  three	  major	  concerns	  limiting	  ABMs'	  full	  potential:	  
• Going	   beyond	   a	   "proof	   of	   concept":	   The	   approach	   gives	   a	   specific	   strategy	   for	  embedding	   empirical	   knowledge	   into	   modelling	   practices.	   It	   provides	   a	   step-­‐by-­‐step	  procedure	  for	  identifying	  the	  relevant	  agents	  to	  be	  included	  in	  ABM,	  and	  for	  analysing	  their	  interaction	  chain	   in	  participatory	  approaches	  (e.g.	  expert	   interviews	  and	  workshops),	   thus	  enhancing	  the	  credibility	  of	  models	  implemented.	  
• Behaviourally	   realistic	   agents:	   The	   approach	   provides	   an	   array	   of	   sample	   agents	  with	  realistic	  (i.e.	  empirically	  quantified)	  decision-­‐making	  and	  behaviour.	  This	  significantly	  reduces	  the	  parameter	  space	  to	  scan	  in	  an	  agent-­‐based	  model.	  Quantifying	  agents'	  decisions	  with	  AHP	  provides	  not	  only	  a	  set	  of	  directly	  implementable	  decision-­‐making	  data	  but	  also	  an	  opportunity	   to	   test	  consistency	   in	  decision-­‐making	  empirically.	   In	  addition,	  comparing	   the	  decision-­‐making	  outcome	  with	  reported	  behaviour	  allows	  one	  to	  further	  validate/falsify	  the	  implemented	  decision-­‐making	  theory.	  	  
• Conceptual	   validity:	   The	   approach	   enhances	   the	   importance	   of	   conceptual	   model	  validity	  by	  providing	  a	  way	  to	  empirically	  test	  one's	  theoretical	  assumptions.	  
Relevance	  for	  the	  doctoral	  thesis	  The	  agent	  operationalization	  approach	  provided	  the	  conceptual	  framework	  and	  the	  step-­‐by-­‐step	  procedure	  for	  empirically	  operationalizing	  agents	  in	  the	  dissertation.	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Abstract	  	  The	  potential	   of	   agent-­‐based	  modeling	   (ABM)	  has	  been	  demonstrated	   in	   various	   research	  fields.	  However,	   three	  major	  concerns	   limit	   the	   full	  exploitation	  of	  ABM;	  (i)	  agents	  are	   too	  simple	   and	   behave	   unrealistically	   without	   any	   empirical	   basis,	   (ii)	   “proof	   of	   concept”	  applications	   are	   too	   theoretical	   and	   (iii)	   too	   much	   value	   placed	   on	   operational	   validity	  instead	   of	   conceptual	   validity.	   This	   paper	   presents	   an	   operationalization	   approach	   to	  determine	   the	   key	   system	   agents,	   their	   interaction,	   decision-­‐making	   and	   behavior	   for	  context	  specific	  ABM,	  thus	  addressing	  the	  above-­‐mentioned	  shortcomings.	  The	  approach	  is	  embedded	   in	   the	   framework	   of	   Giddens’	   structuration	   theory	   and	   the	   structural	   agent	  analysis	   (SAA).	   The	   agents’	   individual	   decision-­‐making	   (i.e.	   reflected	   decisions)	   is	  operationalized	   by	   adapting	   the	   analytical	   hierarchy	   process	   (AHP).	   The	   approach	   is	  supported	   by	   empirical	   system	   knowledge,	   allowing	   us	   to	   test	   empirically	   the	   presumed	  decision-­‐making	  and	  behavioral	  assumptions.	  The	  output	  is	  an	  array	  of	  sample	  agents	  with	  realistic	   (i.e.	   empirically	   quantified)	   decision-­‐making	   and	   behavior.	   Results	   from	   a	   Swiss	  mineral	  construction	  material	  case	  study	  illustrate	  the	  information	  which	  can	  be	  derived	  by	  applying	   the	   proposed	   approach	   and	   demonstrate	   its	   practicability	   for	   context	   specific	  agent-­‐based	  model	  development.	  	  Keywords:	  Agent-­‐based	   modeling	   (ABM),	   agent	   operationalization,	   decision-­‐making,	   analytical	  hierarchy	  process	  (AHP),	  conceptual	  validation	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1 Introduction	  During	   the	   last	   decade,	   agent-­‐based	   modeling	   (ABM)	   has	   been	   regarded	   as	   a	   promising	  methodology	   for	   quantitative	  modeling	   in	   the	   social	   sciences	   (Axelrod	   1997;	   Epstein	   and	  Axtell	  1996;	  Gilbert	  and	  Troitzsch	  2005;	  Janssen	  2002;	  Tesfatsion	  and	  Judd	  2006),	  but	  not	  without	   contradictory	   trends.	   Although	   ABM’s	   potential	   for	   modeling	   a	   variety	   of	  phenomena	  in	  different	  research	  fields	  has	  been	  repeatedly	  demonstrated	   	  (e.g.	  (Bousquet	  and	   Le	   Page	   2004;	   Macy	   and	   Willer	   2002)),	   its	   effectiveness	   in	   solving	   problems	   more	  relevant	  to	  the	  real	  world	  is	  increasingly	  being	  questioned	  (Louie	  and	  Carley	  2008;	  Parker	  et	  al.	  2003).	  The	  three	  central	  questions	  being	  raised	  are:	  (i)	  How	  to	  go	  beyond	  a	  “proof	  of	  concept”	   (e.g.	   Janssen	   and	   Ostrom	   (2006))	   (ii)	   How	   realistic	   are	   agents	   with	   simple	  behavioral	  rules?	  (e.g.	  Jager	  and	  Janssen	  (2002),	  Mosler	  and	  Tobias	  (2005))	  (iii)	  How	  could	  or	   should	   agent-­‐based	  models	   be	   validated?	   (e.g.	   Axelrod	   (1997),	  Windrum	   et	   al.	   (2007),	  Louis	  and	  Carley	  (2008)).	  During	   the	   last	   decade,	   agent-­‐based	   modeling	   (ABM)	   has	   been	   regarded	   as	   a	   promising	  methodology	   for	   quantitative	  modeling	   in	   the	   social	   sciences	   (Axelrod	   1997;	   Epstein	   and	  Axtell	  1996;	  Gilbert	  and	  Troitzsch	  2005;	  Janssen	  2002;	  Tesfatsion	  and	  Judd	  2006),	  but	  not	  without	   contradictory	   trends.	   Although	   ABM’s	   potential	   for	   modeling	   a	   variety	   of	  phenomena	  in	  different	  research	  fields	  has	  been	  repeatedly	  demonstrated	   	  (e.g.	  (Bousquet	  and	   Le	   Page	   2004;	   Macy	   and	   Willer	   2002)),	   its	   effectiveness	   in	   solving	   problems	   more	  relevant	  to	  the	  real	  world	  is	  increasingly	  being	  questioned	  (Louie	  and	  Carley	  2008;	  Parker	  et	  al.	  2003).	  The	  three	  central	  questions	  being	  raised	  are:	  (i)	  How	  to	  go	  beyond	  a	  “proof	  of	  concept”	   (e.g.	   Janssen	   and	   Ostrom	   (2006))	   (ii)	   How	   realistic	   are	   agents	   with	   simple	  behavioral	  rules?	  (e.g.	  Jager	  and	  Janssen	  (2002),	  Mosler	  and	  Tobias	  (2005))	  (iii)	  How	  could	  or	   should	   agent-­‐based	  models	   be	   validated?	   (e.g.	   Axelrod	   (1997),	  Windrum	   et	   al.	   (2007),	  Louis	  and	  Carley	  (2008)).	  	  
(i)	   Beyond	   “proof	   of	   concept”:	   While	   the	   potential	   of	   ABM	   for	   addressing	   a	   wide	   range	   of	  research	  question	  in	  social	  sciences	  is	  undoubted,	  there	  is	  a	  growing	  appreciation	  that	  there	  is	  a	  need	  for	  addressing	  problems	  more	  relevant	  to	  the	  real	  world	  (Matthews	  et	  al.	  2007).	  Janssen	   and	   Ostrom	   (2006)	   claim	   that	   ABM	   has	   mostly	   been	   applied	   to	   the	   modeling	   of	  theoretical	   issues,	   whereas	   its	   application	   to	   empirically	   measurable	   phenomena	   is	   quite	  rare,	   and	   models	   therefore	   often	   do	   not	   go	   beyond	   a	   “proof	   of	   concept”.	   These	   authors	  distinguish	  four	  ways	  (stylized	  facts,	   laboratory	  experiments,	  role	  games	  and	  case	  studies)	  of	  how	  empirical	  data	  can	  be	  included	  into	  ABM	  depending	  on	  the	  number	  of	  subjects	  and	  the	  degree	  of	  contextualization	  or	  generalization.	   In	  addition,	  Boero	  and	  Squazzoni	  (2005)	  highlight	   the	   importance	   of	   ABM’s	   empirical	   embeddedness.	   They	   argue	   that	   empirical	  knowledge	  needs	  to	  be	  integrated	  into	  modeling	  practice	  and	  used	  for	  micro	  specification	  as	  well	  as	  macro	  validation	  by	  integrating	  ABM	  with	  qualitative,	  quantitative,	  experimental	  and	  participatory	   methods.	   Although	   these	   studies	   make	   a	   significant	   contribution	   to	   the	  development	   and	   classification	   of	   empirically-­‐based	   ABM,	   they	   conclude	   that	   new	  approaches	  are	  still	  needed,	  in	  particular	  regarding	  the	  empirical	  validation	  of	  ABM	  and	  the	  formalization	  of	  empirical	  knowledge	  integration	  into	  ABM.	  	  
Part	  B	  ‒	  Manuscripts	   	   	  57	  
 
 
(ii)	  Behaviorally	  realistic	  agents:	  Most	  of	   the	   recent	   applications	   in	  ABM	   implement	   rather	  simple	   behavioral	   rules.	   The	   underlying	   decision-­‐making	   process,	   however,	   is	   usually	   not	  included	  (Macy	  and	  Willer	  2002),	  despite	  the	  fact	  that	  one	  of	  the	  specific	  advantages	  of	  ABM	  is	   its	  ability	  to	  model	   individual	  decision-­‐making	  entities	  and	  their	   interactions	  (Matthews	  et	   al.	   2007).	   This	   may	   have	   two	   reasons.	   First,	   simple	   behavioral	   rules	   are	   easily	  implementable,	   whereas	   the	   underlying	   decision-­‐making	   is	   often	   regarded	   as	   a	   rather	  complex	  process	  (Mintzberg	  et	  al.	  1976).	  Second,	  behavior	  itself	  can	  be	  better	  observed	  than	  the	  underlying	  decision-­‐making	  processes	  (Keeney	  1982).	  To	  overcome	  these	  issues,	  Mosler	  et	   al.	   (2001)	   highlight	   the	   need	   for	   a	   theoretical	   and	   empirical	   (H.-­‐J.	   Mosler	   and	   Tobias	  2005)	   basis	   for	   collective	   action	   simulation.	   Following	   this	   line,	   Jager	   and	   Janssen	   (2002)	  propose	  a	  general	   theoretical	  decision-­‐making	   framework,	  based	  on	   the	   six	  decision	   rules	  applicable	   to	   different	   situations,	   and	   propose	   basing	   the	   agent	   architecture	   on	   a	   solid	  empirical	   ground	   (Janssen	   2002).	   That	   is,	   in	   order	   to	   achieve	  more	   behaviorally	   realistic	  agents,	  the	  agents’	  architecture	  needs	  to	  shift	  from	  simple	  behavioral	  rules	  to	  more	  complex	  decision	  making	  processes	  with	  a	  solid	  basis	  in	  theory	  and	  empiricism.	  
(iii)	   Model	   validation:	   According	   to	   Gilbert	   and	   Troitzsch	   (2005)	   “a	   model	   which	   can	   be	  relied	  on	  to	  reflect	  the	  behavior	  of	  the	  target	  is	  valid”.3	  	  Operational	  validation	  as	  the	  most	  widely	  accepted	  way	  to	  perform	  model	  validation	  (Sargent	  2008)	   is	  difficult	   to	  perform	  in	  ABM	   (Louie	   and	   Carley	   2008;	   Schutte	   2010;	  Windrum	   et	   al.	   2007).	   Typically,	   operational	  validation	   is	  performed	  by	  comparing	   the	  simulation	  output	  with	   the	  system	  (i.e.	  problem	  entity,	   target)	   data	   (Gilbert	   and	   Troitzsch	   2005;	   Sargent	   2008).	   This	   is	   impossible	   to	  perform	   for	   the	   future	   development	   of	   a	   system,	   and	   it	   is	   rather	   difficult,	   if	   emergent	  phenomena	  are	  modeled.	  First,	  per	  definition,	  emergent	  phenomena	  patterns	  as	  aggregated	  outcomes	  cannot	  be	  predicted	  by	  examining	  the	  system’s	  elements	  in	  isolation	  (Parker	  et	  al.	  2003).	  Second,	  the	  empirical	  detection	  of	  emergent	  phenomena	  in	  a	  real	  system	  is	  difficult,	  because	  they	  are	  described	  as	  patterns	  rather	  than	  as	  numerical	  values	  (Grimm	  et	  al.	  2005)	  and	   are	   often	   not	   recognized.	   The	   difficulty	   with	   or	   even	   impossibility	   of	   operational	  validation	   for	   ABM	   increases	   the	   importance	   of	   the	   other	   ways	   of	   model	   validation,	   in	  particular,	   conceptual	   model	   validation.	   Conceptual	   model	   validation	   is	   defined	   as	  “determining	   that	   the	   theories	   and	   assumptions	   underlying	   the	   conceptual	   model	   are	  correct	   and	   that	   the	   model	   representation	   of	   the	   problem	   entity	   is	   ’reasonable’	   for	   the	  intended	   purpose	   of	   the	  model”	   (Sargent	   2008).	   Consequently,	   to	   increase	   the	   validity	   of	  ABM	   it	   is	   necessary	   to	   focus	   on	   conceptual	   model	   validation	   rather	   than	   on	   comparing	  model	  performance	  with	  system	  data	  (i.e.	  operational	  validation).	  	  Significant	   contributions	   in	   ABM	   have	   been	   made	   to	   overcome	   the	   three	   mentioned	  methodological	  shortcomings.	  However,	  none	  of	   them	  explicitly	  addresses	  all	   three	   issues.	  Thus	   new	   approaches	   are	   still	   needed	   to	   include	   more	   behaviorally	   realistic	   agents,	   in	  
                                                
3 A	   detailed	   discussion	   of	   the	   ongoing	   controversy	   about	   verification	   and	   validation	   of	   simulation	  models	   in	  general	  is	  outside	  the	  scope	  of	  this	  paper.	  For	  further	  information	  we	  refer	  to	  e.g.	  Küppers	  and	  Lenhard	  (2005);	  Oreskes	  et	  al.	  (1994);	  Rykiel,	  (1996);	  and	  Sargent	  (2008).	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particular	   regarding	  agents’	  decision-­‐making	  and	  behavior,	   and	  empirical	  data,	  with	  more	  emphasis	  on	  conceptual	  validation.	  Our	  paper	   therefore	  aims	  at	  contributing	   to	   filling	   this	  gap,	  by	  presenting	  an	  approach	   for	  empirically	   operationalizing	   agents,	   their	   interaction,	   decision-­‐making	   and	   behavior	   for	  ABM.	  The	  approach	  was	  developed	  for	  highly	  context	  specific	  ABM	  applications	  where	  high-­‐stakes	  and/or	  reflected	  decisions	  are	  involved.	  As	  a	  participatory	  approach	  it	  requires	  direct	  contact	  with	  the	  actors.	  We	  exemplify	  the	  approach	  by	  presenting	  operationalized	  agents	  for	  an	   ABM	   of	   the	   Swiss	   construction	   stakeholders’	   material	   selections	   case	   study.	   In	   the	  following	   we	   use	   the	   term	   operationalization	   as	   “the	   transformation	   of	   an	   abstract,	  theoretical	   concept	   into	   something	   concrete,	   observable,	   and	   measurable”	   (Scott	   and	  Marshall	  2005).	  Furthermore,	  we	  define	  agents	  as	  the	  model	  representatives	  of	  real	  world	  social	  actors,	  such	  as	  construction	  stakeholders	  in	  this	  case	  study.	  The	   paper	   is	   structured	   as	   follows:	  We	   start	  with	   a	   short	   introduction	   of	   our	   case	   study.	  Second,	   we	   provide	   an	   approach	   for	   the	   operationalization	   of	   agents’	   identification,	  interactions	  and	  decision-­‐making	  for	  ABM,	  based	  on	  structural	  agent	  analysis	  (SAA)	  and	  the	  analytical	   hierarchy	   process	   (AHP).	  We	   support	   each	   step	   of	   the	   approach	   by	   presenting	  results	  from	  the	  recycling	  construction	  material	  case	  study	  and	  elaborate	  the	  potential	  and	  limits	  of	  the	  methods	  used.	  Third,	  we	  discuss	  the	  contribution	  of	  the	  approach	  to	  the	  above	  mentioned	   shortcomings.	   Finally	   we	   draw	   conclusions	   from	   our	   findings	   and	   propose	  further	  research.	  	  
Case	   study	   introduction:	   Demand	   for	   recycling	   mineral	   construction	   materials	   (RMCM)	   in	  
Switzerland	  Increasing	   amounts	   of	   construction	   and	   demolition	   (C&D)	   waste	   have	   been	   observed	  worldwide	   (Bergsdal	   et	   al.	   2007;	   Brunner	   2004;	   Hao	   et	   al.	   2007;	   Hashimoto	   et	   al.	   2007;	  Moser	  et	  al.	  2004;	  Muller	  2006;	  Wang	  et	  al.	  2004).	  So	  far,	  C&D	  waste	  has	  been	  deposited	  or	  reused	  for	  low-­‐grade	  applications	  (Moser	  et	  al.	  2004;	  Tam	  and	  Tam	  2006).	  Limited	  landfill	  and	   low-­‐grade	   application	   capacities	   led	   to	   the	   development	   of	   high	   performance	  applications	   (e.g.	   Hoffman	   and	   Leemann	   (2006)).	   However,	   due	   to	   a	   lack	   of	   construction	  stakeholders’	  recycled	  mineral	  construction	  materials	  (RMCM)	  acceptance,	  information	  and	  training	  (Hoffmann	  2004;	  Spoerri	  et	  al.	  2009),	  RMCM	  are	  still	  deposited	  or	  down-­‐cycled	  and	  not	   reused	   at	   the	   same	   application	   level.	   This	   study	   aims	   at	   developing	   strategies	   for	  aligning	   the	   demand	   for	   RMCM	   and	   the	   increasing	   C&D	  waste	   amounts	   by	   analyzing	   and	  modeling	  stakeholders’	  decisions	  and	  interaction	  influencing	  the	  demand	  for	  RMCM.	  
2 The	  agent	  operationalization	  approach	  for	  ABM	  
2.1	  	   Conceptual	  framework	  for	  the	  operationalization	  approach	  Our	  operationalization	  approach	  is	  based	  on	  the	  conceptual	  framework	  presented	  in	  Figure	  1.	   The	   theoretical	   foundations	   are	   Giddens’	   structuration	   theory	   (Giddens	   1984)	   and	   the	  theory	  of	  planned	  behavior	  (Ajzen	  1991).	  Material	  and	  energy	  flows	  on	  the	  aggregate	  level	  are	  affected	  by	  micro	  level	  agents’	  decisions	  and	  interactions,	  which	  in	  turn	  are	  influenced	  in	   their	   decision-­‐making	   by	   the	   social	   and	   physical	   environment	   (Axtell	   et	   al.	   2001).	   This	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dualism	  between	  the	  micro	  and	  macro	  level	  (Andrews	  2001)	  relates	  to	  key	  system	  features	  modeled	   with	   ABM,	   namely	   emergence	   of	   social	   structure	   based	   on	   micro	   behavior	   and	  feedback	   of	   the	   new	   structure	   on	   the	   behavior	   itself.	   The	   structural	   agent	   analysis	   (SAA)	  uses	  Giddens’	   structuration	   theory	   (Giddens	   1984)	   for	   a	   heuristic	   aimed	   at	   analyzing	   this	  micro-­‐macro	   relationship,	   more	   specifically,	   for	   coupling	   social	   science	   approaches	   to	  material	  flow	  analysis	  (MFA)	  (Binder	  2007b,	  2007a).	  That	  is,	  it	  provides	  a	  conceptual	  basis	  for	  the	  modeling	  socio-­‐ecological	  as	  well	  as	  socio-­‐technical	  systems	  with	  ABM.	  	  
	  
Figure	  1:	   Conceptual	   framework	  of	   the	   interaction	  between	   social	   structure,	   agents	   and	   the	  
environment	   (continuous	   arrows	   indicate	   synchronic,	   dotted	   arrows	   indicate	   diachronic	   impacts)	  (adapted	  from	  Binder,	  (2007a),	  Giddens,	  (1984)	  and	  Nikolic	  (2009))	  This	   conceptual	   framework	   consists	   of	   the	   agents	   (decision-­‐making	   and	   behavior),	   social	  structures	  (rules	  and	  resources),	  and	  the	  agents’	  environment.	  It	  includes	  the	  consequences	  of	   the	   agents’	   behavior	   on	   social	   structures,	   environment	   (e.g.	   material	   flows)	   and	   other	  agents’	   decisions	   (Figure	   1).	   The	   outcome	   from	   the	   decision-­‐making	  process	   (i.e.	   decision	  preference)	  can	  be	  seen	  as	  the	  intention,	  according	  to	  the	  theory	  of	  planned	  behavior	  (Ajzen	  and	  Fishbein	  1977;	  Ajzen	  1991),	  determining	  to	  a	   large	  extent	  the	  agents’	  behavior	  (Ajzen	  and	  Madden	   1986).	   The	   decision-­‐making	   itself	   can	   be	   directly	   affected	   by	   past	   individual	  behavior	  and	  the	  behavior	  of	  other	  agents,	  through	  the	  perceived	  intended	  and	  unintended	  consequences	   (Feola	   and	  Binder	  2009;	  Triandis	  1980).	   Furthermore,	   decision-­‐making	   can	  be	   influenced	   by	   the	   rules	   and	   resources	   of	   the	   social	   structure	   and	   the	   perceived	  environmental	   consequences.	   The	   behaviors	   of	   agents	   affect	   the	   environment	  synchronically	   (e.g.	   the	   disposal	   of	   construction	   waste	   that	   is	   not	   reused)	   and/or	   the	  decision-­‐making	  of	  other	  agents	  (e.g.	  material	  recommendations	  from	  structural	  engineers)	  and	  with	  a	  certain	  time	  delay	  the	  social	  structure	  (e.g.	  development	  of	  law	  and	  standards	  for	  emergent	  technologies).	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In	  ABM,	  system	  behavior	  (e.g.	  social	  structure	  and	  environment)	  emerges	  from	  the	  agents’	  behaviors	   and	   interactions	   (Axelrod	   1997;	   Gilbert	   and	   Troitzsch	   2005;	   Janssen	   2002;	  Tesfatsion	   and	   Judd	   2006).	   Therefore,	   knowing	   the	   relevant	   agents	   affecting	   the	   problem	  addressed	  (step	  1),	  determining	  their	   interaction	  (step	  2),	  analyzing	  their	  decision-­‐making	  process	   including	   its	   determinants	   (step	   3),	   is	   sufficient	   for	   agent	   operationalization	   for	  ABM	   (Figure	   1).	   In	   addition,	   one	   must	   analyze	   how	   consistent	   decision	   preference	  (intention)	  and	  behavior	  are	  (step	  4)	  to	  conceptually	  validate	  the	  model.	  For	  each	  of	  the	  four	  steps	  a	  sound	  theoretical	  background	  and	  empirical	  methods	  are	  required	  (Table	  1).	  	  
Table	  1:	  The	  four	  steps	  of	  the	  agent	  operationalization	  approach	  
Step	   Description	   Theoretical	  background	  (exemplified)	   Methods	  (exemplified)	  
Prerequisite	  step:	  Problem	  definition	  (Precise	  definition	  of	  the	  problem	  addressed	  and	  the	  purpose	  of	  the	  model)	  
Step	  1	   Identification	  of	  the	  	  
relevant	  agents	  	  
Social	  network	   theory	  (Wasserman	  and	  Faust	  1994)	   • Agent-­‐impact	  analysis	  	  
Step	  2	   Analysis	  of	  	  
agents’	  interaction	  chain	  
Economic	   action	   and	   social	   structure	  (Granovetter	   1985)	   and	   theory	   of	  embeddedness	  (Uzzi	  1997)	   • Expert	  interviews	  • Expert	  workshops	  
Step	  3	   Quantification	  of	  agents’	  	  
decision-­‐making	  process	  
Multi	   criteria	   decision	   analysis	   (MCDA)	  (Belton	   and	   Stewart	   2002)	   /	   Analytical	  hierarchy	  process	  (AHP)	  (Saaty	  1980)	   • Expert	  interviews	  • Expert	  workshops	  • Survey	  methods	  
Step	  4	   Behavioral	  consistency	  analysis	  
and	  conceptual	  validation	  
Theory	   of	   planned	   behavior	   (Ajzen	  1991)	   and	   interpersonal	   behavior	  (Triandis	  1980)	   • Survey	  methods	  In	   this	   paper,	  we	  use	  Giddens’	   structuration	   theory	   (Giddens	  1984)	   as	   a	   guideline	   for	   the	  assumptions-­‐in-­‐design	  of	  the	  ABM.	  Giddens’	  structuration	  theory	  is	  only	  one	  among	  several	  social	   process	   theories	   (Cedermann	   2005)	   and	   the	   issue	   of	   how	   different	   social	   process	  theories	   could	   possibly	   be	   implemented	   in	   ABM	   and	   what	   theory	   is	   best	   suited	   for	   each	  particular	  model’s	  purposes	   is	   still	  being	  debated.	  Nevertheless,	   the	  suitability	  of	  Giddens’	  structuration	   theory	   for	   ABM	   operationalization	   is	   highlighted	   by	   its	   focus	   on	   how	   social	  structure	   emerges	   from	   human	   action	   (Binder	   2007a).	   Further,	   Cedermann	   (2005)	   has	  concluded	   that	   the	   agent-­‐based	   paradigm	   is	   fundamentally	   compatible	   with	   process-­‐theoretical	   foundations.	   Finally,	   because	   our	   approach	   explicitly	   aims	   at	   the	   agent	  operationalization,	   the	  macro	  level	  analysis	  (i.e.	  social,	   technical	  and	  natural	  environment)	  is	  not	  explicitly	  addressed	  in	  this	  paper.	  	  
2.2	  	   Prerequisite	  step:	  Problem	  definition	  As	   a	   clear	   purpose	   and	   problem	   definition	   are	   considered	   indispensable	   for	   modeling	  (Costanza	   et	   al.	   1993),	   they	   set	   the	   stage	   for	   all	   subsequent	   steps	   of	   the	   agent	  operationalization.	   This	   is	   particularly	   important	   when	   one	   is	   using	   participatory	  approaches	   for	   gathering	   empirical	   knowledge	   as	   is	   proposed	   here	   (Cornwall	   and	   Jewkes	  1995).	  Shifting	  model	  purposes	  or	  problem	  misunderstandings	  may	  otherwise	  increase	  the	  so	   called	   “error	   of	   the	   third	   kind”	   defined	   as	   “the	   probability	   of	   having	   solved	   the	  wrong	  problem	   when	   one	   should	   have	   solved	   the	   right	   problem”	   (Mitroff	   and	   Featheringham	  1974).	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2.3	  	   Step	  1:	  Identification	  of	  the	  relevant	  agents	  The	  goal	  of	  this	  step	  is	  to	  identify	  the	  key	  system	  actors	  to	  be	  included	  as	  agents	  in	  the	  ABM.	  According	  to	  social	  network	  theory	  (e.g.	  Wassermann	  and	  Faust	  (1994))	  key	  system	  actors	  within	  a	  network	  are	  active,	  able	  to	  connect	  to	  each	  other	  through	  efficient	  paths,	  have	  the	  potential	  to	  mediate	  flows	  between	  other	  actors	  and	  are	  tied	  to	  other	  central	  actors	  (Faust	  1997).	  In	  other	  words,	  key	  system	  actors	  are	  actors	  which	  strongly	  affect	  the	  system	  and	  are	  themselves	  strongly	  affected	  by	   the	  system.	   In	  order	   to	   identify	   the	  key	  system	  actors,	  we	  propose	   the	   actor	   impact	   analysis	   (AIA)	   adapted	   from	   qualitative	   cross-­‐impact	   analysis	  (Godet	  1994;	  Gordon	  and	  Hayward	  1968;	  Götze	  1991;	  Scholz	  and	  Tietje	  2002;	  Vester	  2007;	  von	   Reibnitz	   1992),	   which	   performs	   an	   analysis	   of	   the	   actors’	   activity,	   revealing	   their	  connectedness	  and	  impact	  on	  other	  possible	  actors.	  In	   doing	   so,	   first	   all	   relevant	   actors	   affecting	   the	   system	   are	   identified.	   This	   can	   be	   done	  either	   by	   analyzing	   the	   actors’	   interaction	   with	   the	   system	   along	   the	   production-­‐consumption	   chain	   (Maier	   Bergé	   and	  Hirsch	  Hadorn	   2002),	   their	   functional	   relationships	  (Hermans	  2005)	  or	  by	  studying	  which	  actors	  interact	  with	  each	  other	  through,	  for	  example,	  information,	   money	   or	   resource	   flows	   (Hirsch	   Hadorn	   et	   al.	   2002;	   Knoeri	   2007).	   The	  indicator	   for	   defining	   the	   actor	   interaction	   shall	   be	   chosen	   according	   to	   the	   predefined	  problem	   definition	   and	   model	   purpose.	   If	   multiple	   indicators	   are	   possible	   several	  interaction	   matrixes	   might	   be	   constructed	   and	   compared.	   We	   propose	   doing	   all	   this	   by	  considering	   literature,	   expert	   interviews	   (H.	  A.	  Mieg	  and	  Näf	  2006)	  or	   consensus	  building	  expert	  workshops	  (Susskind	  et	  al.	  1999).	  	  Second,	  all	  potential	  direct	   impacts	  between	  the	  actors	  are	  set	  up	  in	  a	  cross-­‐impact	  matrix	  and	  their	  strengths	  are	  assessed	  on	  predefined	  scales	  (e.g.	  from	  0	  to	  2;	  0	  means	  no	  influence,	  and	  2	  strong	  influence).	  This	  can	  be	  done	  through	  expert	  interviews	  (Knoeri	  et	  al.	  2010)	  or	  workshops.	  The	  sums	  of	  the	  row	  entries	   in	  the	  matrix	  reflect	  the	  influence	  values	  (activity	  sum)	  and	   the	   sums	  of	   the	   column	  entries	   the	  dependence	  values	   (passivity	   sums)	   (Godet,	  1994,	   Lang	   et	   al.,	   2006).	   Thus,	   depending	   on	   their	   activity	   or	   passivity	   the	   actors	   can	   be	  classified	  into	  disconnected,	   indicating,	  driving	  and	  key	  connected	  actors	  referring	  to	  their	  roles	  in	  the	  system	  (Table	  2).	  
Table	  2:	  Actor	  types	  in	  AIA	  
actor	  type	  (role)	   influence	  value	  (activity	  sum)	   dependence	  value	  (passivity	  sum)	  driving	  /	  active	  	   high	   low	  key	  connected	  /	  ambivalent	  	   high	   high	  indicating	  /	  passive	  	   low	   high	  disconnected	  /	  buffering	   low	   low	  
The	  results	  of	  the	  cross-­‐impact	  matrix	  can	  be	  visualized	  in	  a	  system	  grid	  (Scholz	  and	  Tietje	  2002;	   Tietje	   2005).	   Figure	   2	   illustrates	   a	   system	   grid	   for	   the	   case	   of	   RMCM	   showing	   the	  various	   actor	   types	   involved.	   The	   key	   connected	   actors	   were	   the	   awarding	   authorities,	  architects	   and	   engineers	   and	   contractors	   (i.e.	   prime,	   masonry	   and	   concrete,	   roadwork	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contractors).	   They	   were	   key	   in	   the	   sense	   of	   strongly	   influencing	   other	   actors	   and	   being	  strongly	  influenced	  by	  others.	  The	  construction	  material	  production	  actors,	  deconstruction	  and	   disposal	   actors	   were	   passive	   system	   actors.	   They	   were	   medium	   linked	   with	   other	  actors,	  whereas	   their	   strong	   relations	  were	  mainly	   unidirectional	   (i.e.	   they	  were	   strongly	  influenced	  by	  other	  actors).	  Therefore,	   they	  served	  as	   indicators	   for	  system	  behavior.	   In	  a	  manner	   similar	   to	   passive	   actors,	   active	   actors	   (i.e.	   regulation	   authorities)	   had	   mainly	  unidirectional	   relations,	   although	   with	   reversed	   signs	   (i.e.	   they	   strongly	   influenced	   other	  actors)	  and	  acted	  as	  drivers	   in	   the	   system.	  Media	   (i.e.	  daily	  press	  and	   journals)	  as	  well	   as	  academia	   (research	   institutes)	   were	   considered	   disconnected	   or	   buffering	   system	   actors	  being	   loosely	   linked	  with	   the	   system	   (i.e.	   fewer	   and	   less	   important	   relationships).	   Finally,	  the	  key	  system	  actors	  to	  be	  included	  as	  agents	  in	  the	  model	  are	  selected.	  The	  ambivalent	  or	  key	  connected	  actors	  are	  considered	  most	  important	  for	  agent	  operationalization	  for	  ABM,	  as	   any	   change	   in	   their	   behavior	   has	   large	   impacts	   on	   the	   system	   (Asan	   and	   Asan,	   2007,	  Scholz	  and	  Tietje,	  2002).	  Consequently	   the	  awarding	  authorities,	  architects,	  engineers	  and	  contractors	  were	  selected	  for	  inclusion	  in	  the	  case	  of	  RMCM.	  	  
	  
Figure	   2:	   System	   grid	   of	   the	   actor	   groups	   (dependence	   and	   influence	  values;	  means	  of	   the	   two	  system	  experts)	  Selecting	  the	  key	  connected	  actors	  to	  be	  included	  in	  ABM	  ensures	  that	  those	  system	  actors	  that	  are	  most	  affected	  and	  have	  the	  most	  impact	  will	  be	  included	  in	  the	  model	  (Faust	  1997;	  Schlange	  and	  Juttner	  1997;	  Wasserman	  and	  Faust	  1994).	  Nevertheless,	  other	  actor	  groups,	  especially	  active	  actors	  due	   to	   their	  driving	  role,	  may	  be	  additionally	  considered	   for	  being	  operationalized	  as	  agents	  in	  ABM.	  However,	  since	  these	  groups	  are	  only	  weakly	  influenced	  by	  the	  system,	  they	  can	  also	  be	  included	  as	  external	  parameters	  affecting	  the	  system.	  This	  is	  the	   way	   regulation	   authorities	   were	   included	   in	   the	   RMCM	   case	   study,	   which	   allows	   to	  simulate	  the	  effect	  of	  regionally-­‐different	  regulation	  practices	  on	  agents	  behavior	  and	  thus,	  on	  the	  RMCM	  demand.	  If	  the	  research	  focus	  lays	  on	  changing	  regulation	  practices,	  regulation	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authorities	   might	   become	   key	   connected	   actors	   and	   might	   be	   included	   as	   agents	   in	   the	  model.	  	  
2.4	  	   Step	  2:	  Analysis	  of	  agents’	  interaction	  chain	  This	   step	  determines	  both	  parts	   of	   the	   agents’	   interaction:	  How	  agents	   interact	  with	   each	  other	   (i.e.	   agents’	   interaction	   chain)	   and	   how	   they	   select	   each	   other	   (i.e.	   agents’	  embeddedness).	  This	   is	  considered	  to	  be	  a	  key	  step	  for	  ABM,	  because	  of	   its	   focus	  on	  agent	  interaction	   (Macy	  and	  Willer	  2002;	  Reynolds	  1987).	  Furthermore	   the	  graph	  of	   the	  agents’	  interaction	   chain	   provides	   the	   first	   conceptual	   model.	   Social	   structure	   (i.e.	   agents’	  interaction	  chain)	  and	  embeddedness	  in	  the	  network	  (i.e.	  strength	  of	  the	  ties)	  are	  important	  for	   agent	   interaction.	   It	   is	   acknowledged	   that	   economic	   action	   is	   embedded	   in	   social	  structure,	   in	   contrast	   to	   neoclassical	   atomized-­‐agent	   approaches	   (Granovetter	   1985).	   In	  particular	  in	  interfirm	  networks	  embeddedness	  in	  social	  structure	  has	  beneficial	  effects	  on	  performance	   (Uzzi	   1997).	   We	   therefore	   propose	   to	   analyze	   the	   agents’	   local	  interconnections	  and	  embeddedness	  in	  two	  steps.	  	  First,	   agents’	   local	   interconnections	   and	   feedbacks	   (i.e.	   agents’	   interaction	   chain)	  determining	  system	  behavior	  are	  identified.	  In	  this	  way	  we	  analyze	  how	  agents	  are	  linked	  to	  other	   agents	   (e.g.	   awarding	   authorities	   specify	   project	   to	   the	   architects).	   This	   determines	  which	  agents	  potentially	  interact.	  Furthermore,	  possible	  interaction	  options	  (i.e.	  behavioral	  alternatives)	   are	   identified.	   We	   propose	   doing	   this	   step	   as	   a	   combination	   of	   literature	  review	  and	  participatory	  approaches	   (e.g.	   expert	   interviews	  or	  workshops)	   (Cornwall	  and	  Jewkes	  1995;	  H.	  Mieg	  2000).	  	  Second,	  agents’	  embeddedness	   in	  the	  network	  or	  the	  strength	  of	   their	   ties	   is	  analyzed.	  We	  propose	  doing	  this	  by	  analyzing	  the	  importance	  of	  network	  factors	  among	  the	  criteria	  which	  agents	   consider	   when	   selecting	   each	   other	   for	   the	   particular	   economic	   interaction	   (i.e.	  individual	   selection	   decision).	   According	   to	   Ling	   (2002)	   this	   depends	   on	   the	   criteria	   task	  performance,	   contextual	   performance,	   network	   and	   price	   factors.	   Therefore,	   for	   each	  selection	  decision,	  the	  particular	  decision	  criteria	  are	  defined	  and	  their	  impact	  is	  quantified.	  We	   suggest	   defining	   the	   criteria	   with	   a	   literature/theory	   review	   and	   weighting	   their	  importance	  on	  the	  individual	  selection	  decision	  with	  survey	  methods.	  	  
Agent	   interaction	  chain:	   Figure	   3	   shows	   the	   conceptual	  model	  we	   have	   developed	   for	   the	  case	   of	   RMCM,	   illustrating	   chronologically	   the	   agents’	   interaction	   chain	   with	   multiple	  involvements	   of	   the	   awarding	   authorities.	   In	   the	   project	   specification	   (1)	   awarding	  authorities	   specify	   the	   project	   requirements,	   dictating	   the	   use	   of	   RMCM,	   claiming	  sustainable	   construction	   in	   general	   or	   making	   no	   specification	   about	   sustainable	  construction.	   Receiving	   the	   project	   specifications	   via	   the	   architects,	   structural	   engineers	  make	  material	  design	  specifications	  (2).	  They	  recommend	  conventional	  or	  recycled	  materials	  or	   give	   the	   option	   to	   choose	   one	   of	   the	   two,	   by	   specifying	  material	   properties.	   Architects	  
project	   design	   (3)	   aims	   at	   recommending	   a	   project	   to	   the	   awarding	   authorities,	   meeting	  awarding	  authorities’	  requirements,	  engineers’	  recommendations	  as	  well	  as	  the	  architects’	  personal	  ambitions.	   In	  the	  project	  confirmation	  (4)	  the	  awarding	  authorities	  confirm	  or	  set	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the	  materials	  to	  be	  specified	  in	  the	  tender	  documents.	  Contractors	  submit	  their	  tender	  (5)	  to	  the	  awarding	  authorities	  in	  order	  to	  win	  the	  contract,	  submitting	  conventional	  and	  recycling	  materials.	   Again,	   awarding	   authorities	   commission	   the	   project	   to	   one	   of	   the	   tendering	  contractors	  (i.e.	  tender	  selection	  (6))	  which	  finally	  determines	  the	  material	  demand.	  
	  
Figure	  3:	  Agent	  interaction	  chain	  (blue	  boxes	  indicate	  the	  agents,	  light	  green	  boxes	  their	  decisions	  and	  green	  arrows	  their	  interaction).	  	  The	  agents’	   interaction	  chain	   is	  highly	  context	  dependent	  and,	   therefore,	  not	  generalizable	  to	  nearby	  or	  associated	  decisions.	  All	   the	  more,	   there	  should	  be	  a	  consensus	  about	  agents’	  behavioral	  options	  when	  interacting,	  which	  can	  be	  achieved	  through	  expert	  interviews	  and	  workshops.	  Note	  that,	  for	  highly	  formalized	  interaction	  models,	  like	  those	  in	  the	  case	  study	  presented	   here,	   concentrating	   on	   the	   interaction	   decision	   affecting	   the	   problem	   studied	  might	  already	  be	  sufficient.	  For	  more	  informal	  social	  interaction	  various	  additional	  aspects	  (e.g.	   interdependence	   and	   relationship	   aspects)	   may	   gain	   importance	   (Rusbult	   and	   Van	  Lange,	  2003).	  
Agents’	  embeddedness	  /	  Individual	  agent	  selection:	  According	  to	  (Ling	  2002),	  the	  key	  criteria	  for	   the	   individual	   selection	   decision	   in	   the	   building	   sector	   were	   job	   experience	   (task	  performance	   factor),	   reputation	   and	   personal	   contact	   (network	   factors)	   and	   economic	  considerations	   (price	   factor).	   Personal	   contact	   was	   the	   decisive	   network	   factor	   for	   most	  agents	   when	   selecting	   construction	   partners.	   The	   exception	   was	   public	   awarding	  authorities,	  who	  basically	  considered	  job	  performance	  and	  price	  factors,	  and	  architects	  who	  selected	  contractors	  mainly	  based	  on	  price	  considerations.	  In	  the	  agent	  operationalization	  approach,	  the	  individual	  selection	  decisions	  were	  defined	  on	  a	  theoretical	  (e.g.	  Ling	  (2002))	  and	  an	  empirical	  basis	  (e.g.	  expert	  interviews),	  in	  contrast	  to	  many	   ABM	   applications	   where	   interaction	   mechanisms	   are	   defined	   on	   theoretical	  assumptions	  only.	  However,	  quantifying	  agents’	  embeddedness	  by	  analyzing	  how	  important	  agents’	  network	  criteria	  are	  when	  they	  select	  each	  other	  for	  an	  economic	  interaction	  might	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be	  limited	  when	  criteria	  have	  threshold	  utility	  functions	  (e.g.	  trust)	  (Uzzi	  1997).	  In	  this	  case	  using	  hierarchical	  decision	  heuristics	  might	  be	  more	  appropriate.	  What	   types	  of	  networks	  emerge	  from	  the	  operationalized	  selection	  decisions	  and	  how	  they	  affect	  the	  system	  output	  will	  be	  addressed	  in	  the	  model	  evaluation.	  The	   resulting	   conceptual	  model	   of	   the	   agents’	   interaction	   chain	   is	   the	   first	   step	   for	   ABM.	  Besides	   enhancing	   the	   understanding	   of	   agents’	   interaction,	   this	   approach	   increases	   the	  acceptance	   of	   the	   model	   through	   the	   participatory	   procedure.	   For	   the	   model	  implementation,	   it	   not	   only	   provides	   the	   qualitative	   agent	   interaction	   chain	   but	   also	  empirically	  quantifies	  the	  agents’	  selection	  decisions	  reducing	  the	  degrees	  of	  freedom	  of	  the	  model.	  
2.5	   Step	  3:	  Quantification	  of	  the	  agents’	  decision-­‐making	  process	  The	  goal	  of	   this	  step	   is	   to	  quantify	   the	  agents’	  decision-­‐making	  process.	  Thus,	   the	  decision	  criteria	  and	  their	  relevance	  to	  the	  choice	  of	  one	  of	  the	  behavioral	  alternatives	  determined	  in	  step	  2	  are	  specified.	  	  Decision-­‐making	  depends	  on	  the	  cognitive	  effort	  in	  the	  decision-­‐making	  process	  (Jager	  and	  Janssen	   2002;	   Jungermann	   et	   al.	   1998;	   Svenson	   1990,	   1996)	   and	   ranges	   from	   simple	  decision	  heuristics	  (requiring	  little	  cognitive	  effort)	  to	  homo	  economicus	  (a	  lot	  of	  cognitive	  effort	   and	   rational	   actors).	   Referring	   to	   Svenson	   (1990,	   1996),	   Jungermann	   et	   al.	   (1998)	  distinguish	   routinized,	   stereotyped,	   reflected	   and	   constructed	   decisions	   with	   increasing	  cognitive	   effort	   involved.	   Because	   of	   the	   large	   investment	   sums	   involved	   in	   strategic	  economic	   decisions	   in	   general	   and	   construction	   decisions	   in	   particular,	   we	   propose	   to	  quantify	   reflected	   decisions	   according	   to	   Svenson	   (1990,	   1996).	   Thus,	   decision	   makers	  know	   the	   options	   and	   actively	   strike	   a	   balance	   among	   the	   options	   regarding	   different	  criteria.	  	  Analyzing	  the	  relevance	  of	  weighted	  criteria	  to	  agents’	  decision-­‐making	  is	  the	  field	  of	  multi	  criteria	  decision	  analysis	   (MCDA)	   (Belton	  and	  Stewart	  2002;	  Mendoza	  and	  Martins	  2006).	  We	  based	  our	  MCDA	  analysis	  on	  	  the	  analytical	  hierarchy	  process	  (AHP)	  proposed	  by	  Saaty	  (1980),	  because	  it	  allowed	  us	  to	  structure	  complex	  decision-­‐making	  processes	  (Saaty	  1990)	  and	  to	  measure	  ratio	  scales	  on	  all	  hierarchical	  levels	  (Forman	  and	  Gass	  2001).	  	  Figure	  4	  illustrates	  the	  procedure	  of	  the	  AHP.	  In	  the	  decomposition	  phase,	  decision	  goal	  and	  alternatives	   are	   defined	   and	   the	   decision	   problem	   is	   decomposed	   into	   a	   hierarchy	   of	  decision	  criteria	  and	  sub-­‐criteria	  clusters.	  Subsequently,	  the	  alternatives	  are	  compared	  with	  respect	  to	  each	  criterion	  and	  sub-­‐criterion,	  and	  the	  relevance	  of	  the	  criteria	  and	  sub-­‐criteria	  is	  assessed,	  in	  comparative	  judgments	  on	  pairs.	  In	  the	  hierarchical	  composition	  or	  synthesis,	  local	  criteria	  and	  sub-­‐criteria	  priorities	  are	  multiplied	  to	  yield	  an	  overall	  alternative	  ranking.	  Finally,	   the	   consistency	   of	   the	   comparisons	   of	   pairs	   is	   assessed.	   (Please	   see	   Saaty	   (1980,	  1994)	  for	  details	  and	  calculations.)	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Figure	  4:	  Phases	  of	   the	  analytical	  hierarchy	  process	  according	  to	  Saaty	  (1980,	  1994)	  illustrated	  with	  the	  Brunswikian	  lens	  model	  adapted	  from	  Scholz	  and	  Tietje	  (2002).	  In	   the	   decomposition	   phase	   local	   system	   knowledge	   is	   important.	   We	   therefore	   propose	  decomposing	   the	   decision	   problem	   with	   participatory	   approaches	   such	   as	   system	   expert	  interviews	  (H.	  A.	  Mieg	  and	  Näf	  2006).	  We	  propose	  using	  survey	  methods	  for	  quantifying	  the	  relevance	   of	   criteria	   and	   alternatives	   with	   comparative	   judgments.	   This	   enables	   one	   to	  achieve	  a	  reasonable	  numerical	   representation	  of	   the	  agents’	  decision	  making	  distribution	  in	   the	   population.	   (The	   AHP	   elicitation	   protocol	   used	   in	   the	   RMCM	   case	   study	   survey	   is	  reported	   in	   Appendix	   1	   (Table	   A.1).)	   Finally,	   the	   synthesis	   can	   be	   carried	   out	   through	   a	  matrix	  multiplication	  of	  the	  criteria	  weight	  vector	  with	  the	  alternative	  weight	  matrix	  leading	  to	  a	  performance	  vector	  of	  the	  alternatives	  (Saaty	  1980).	  In	   the	   RMCM	   case	   study	   each	   decision	   of	   the	   agent	   interaction	   chain	   (Figure	   3)	   was	  quantified	   according	   to	   the	   AHP	   procedure.	   Figure	   5	   shows	   as	   an	   example	   the	   decision-­‐making	   process,	   criteria	   and	   the	   resulting	   alternative	  weights	   for	   the	   design	   specification	  decisions	   of	   structural	   engineers	   (i.e.	   decision	   (2)	   in	   Figure	   3)	   for	   external	   concrete	  applications	   in	  our	   case	   study.	  From	   the	  column	  Alternative	  weights	  per	  criterion	  it	   can	  be	  seen,	   that	   the	   ranking	   of	   the	   alternatives	   was	   almost	   stable	   among	   the	   criteria	   with	  conventional	   concrete	   (CC)	   as	   the	   outperforming	   option,	   although	   their	   mean	   differed	  significantly.	   Regarding	   the	   expected	   tender	   price	   the	   three	   options	  were	  more	   balanced,	  while	  for	  the	  criterion	  project	  specification	  engineers	  experienced	  a	  performance	  of	  CC	  that	  was	  almost	  three	  times	  better	  than	  the	  recycling	  (RC)	  or	  property	  specification	  (PS)	  option.	  In	  Decision	  criteria	  weights,	  law	  and	  standards	  was	  the	  most	  important	  criterion	  followed	  by	  experience,	  whereas	  expected	   tender	  price	  and	  awarding	  authorities’	  project	   specification	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were	  less	   important.	   In	  addition,	   the	  comparably	  high	  standard	  deviations	  (i.e.	  up	  to	  more	  than	  half	   of	   the	   actual	   value)	   highlighted	   the	   existence	   of	   individual	   agents	  with	   different	  ranking	  preferences.	  	  
	  
Figure	  5:	  Alternatives,	  decision	   criteria,	  mean	  alternative	  weights	  per	   criterion,	  mean	   criteria	  weights	  
and	  mean	   preferences	   in	   structural	   engineers’	   design	   specification	   for	   external	   concrete	   applications	  [Mean	  /	  StD,	  N	  =	  70,	  CC:	  conventional	  concrete,	  RC:	  recycling	  concrete:	  PS:	  property	  specification].	  AHP	  as	  an	  MCDA	  approach	  presupposes	  that	  agents	  fully	  process	  their	  decision	  information	  (Mendoza	   and	   Martins	   2006),	   decide	   rationally	   and	   don’t	   use	   simple	   decision	   heuristics	  (Johnson	  et	  al.	  1988).	  AHP	  allows	  one	  to	  do	  a	  consistency	  check	  of	  the	   judgments	  of	  pairs,	  thus	   providing	   information	   on	   whether	   the	   methodical	   prerequisites	   are	   fulfilled.	   If	   the	  decision	   maker	   uses	   simple	   decision	   heuristics	   (e.g.	   repetition,	   imitation	   or	   normative	  behavior)	  MCDA	  approaches	  may	  not	  be	  adequate	   (Johnson	  et	  al.	  1988;	   Jungermann	  et	  al.	  1998;	  Svenson	  1990,	  1996).	  This	  may	  limit	  the	  applicability	  of	  the	  AHP	  for	  decision-­‐making	  quantification	  when	   ordinary	   and	  more	   repetitive	   decisions	   are	   addressed	   (e.g.	   everyday	  consumer	   behavior).	   In	   such	   cases	   using	   other	   methods	   for	   the	   quantification	   of	   agents’	  decision	  making	   or	   specifying	   simpler	   decision	   rules	   based	   on	   agents	   behavior	   might	   by	  more	   adequate.	   Whenever	   decision	   makers	   decide	   consciously	   we	   consider	   AHP	   to	   be	   a	  good	   starting	   point,	   even	   though	   the	   great	   effort	   required	   for	   making	   the	   comparison	   of	  pairs	  in	  AHP	  may	  cause	  higher	  rates	  of	  survey	  drop	  out	  and	  lower	  response	  compared	  with	  behavior	  reporting	  studies.	  For	  ABM	  this	  quantification	  procedure	  has	  two	  main	  advantages.	  First,	  it	  provides	  not	  only	  decision-­‐making	  data	   reasonably	   representing	   the	   real	   population,	   but	   it	   also	  provides	   an	  array	  of	  sample	  agents	  to	  set	  up	  the	  model	  population.	  This	  allows	  one	  to	  skip	  the	  resource	  intensive	   step	   of	   deriving	   mathematical	   distribution	   functions	   from	   survey	   data	   and	  implementing	   agent	   populations	   based	   on	   these	   distributions.	   Second,	   the	   quantification	  based	   on	   the	   AHP	   provides	   data	   about	   all	   levels	   of	   each	   agent’s	   decision-­‐making	   process	  (e.g.	   criteria	   and	   alternative	   weight	   matrixes).	   The	   procedural	   structure	   of	   AHP	   further	  simplifies	  the	  decision-­‐making	  implementation.	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2.6	   Step	  4:	  Behavioral	  consistency	  analysis	  and	  conceptual	  validation	  The	   goal	   of	   the	   last	   step	   is	   to	   analyze	   agents’	   behavioral	   consistency	   by	   comparing	   their	  behavior	   with	   the	   preferred	   alternative	   from	   the	   decision-­‐making	   process,	   and	   to	  conceptually	  validate	  the	  presumed	  decision-­‐making	  concept.	  
Behavioral	  consistency:	  Knowing	   to	  what	  extent	   the	   implemented	  decision-­‐making	  process	  or	  behavioral	  rule	  explains	  actual	  behavior	  is	  fundamental	  in	  any	  behavioral	  modeling,	  and	  particularly	   in	   ABM.	   This	   is	   the	   operational	   validation	   of	   the	   decision-­‐making	   model.	  Although	  we	  determined	  agents’	  decision-­‐making	  process	  (step	  3),	  the	  preferred	  alternative	  (i.e.	   intention	  (Ajzen	  1991))	  may	  differ	   from	  the	  subsequent	  behavior,	  because	  of	  external	  (i.e.	  contextual	  factors)	  and	  internal	  drivers	  (i.e.	  habit	  and	  psychological	  arousal)	  (Feola	  and	  Binder	   2009;	   Triandis	   1980).	   In	   addition,	   perceived	   behavioral	   control	   may	   influence	  behavior	   directly	   and	   via	   intention	   (Ajzen,	   1991,	   Armitage	   and	   Conner,	   2001).	   Assuming	  rational	  stakeholders,	  the	  best	  performing	  alternative,	  derived	  by	  the	  AHP	  synthesis	  (Figure	  4),	  is	  preferred.	  Comparing	  the	  best	  performing	  alternative	  for	  every	  individual	  agent	  with	  his	   actual	   behavior	   allows	   one	   to	   assess	   whether	   the	   intended	   behavior	   (i.e.	   decision	  preference)	  differs	  from	  the	  reported	  one.	  We	  propose	  determining	  the	  behavior	  of	  the	  key	  agent	  groups	  with	  survey	  methods	  (e.g.	  according	  to	  Diekmann	  (2007))	  in	  combination	  with	  the	   survey	   conducted	   for	   analyzing	   the	   decision-­‐making	   process	   (Step	   3).	   In	   the	   case	   of	  RMCM,	   structural	   engineers’	   preferred	   option	  was	   highly	   consistent	   (77%)	  with	   reported	  behavior.	  They	  decided	  for	  the	  conventional	  alternative	  (i.e.	  best	  performing)	  in	  80%	  of	  the	  structural	  concrete	  application	  cases	  (60%	  for	  lean	  concrete	  applications).	  The	  high	  behavioral	  consistency	  confirmed	  that	  in	  reflected	  decisions	  the	  effect	  of	  perceived	  behavioral	   control	   (Armitage	   and	   Conner	   2001)	   as	   well	   as	   the	   effect	   of	   habit	   and	  psychological	  arousal	  is	  minimized.	  Although	  the	  high	  behavioral	  consistency	  demonstrates	  the	   usefulness	   of	   the	   decision-­‐making	   model,	   potential	   differences	   between	   actual	   and	  reported	   behavior	   may	   limit	   the	   usefulness	   of	   our	   approach.	   This	   is	   because	   of	   more	  frequently	   reported	   socially	   desirable	   answers	   or	   biases	   in	   survey	   participation.	   This	  difference	   can	   be	   quantified	   and	   the	   limitations	  minimized	   by	   analyzing	   how	   the	   sample	  represents	   the	   basic	   population	   studied	   regarding	   socio-­‐demographic	   and	   behavioral	  variables.	  	  
Conceptual	   validation:	   Conceptual	   validation	   requires	   assuring	   that	   theories	   and	  assumptions	  underlying	  the	  decision-­‐making	  model	  are	  correct.	  This	  goes	  beyond	  providing	  a	   decision-­‐making	  model	   simply	  mirroring	   behavior.	   According	   to	   Svenson	   (1990,	   1996),	  the	  assumption	  behind	  quantifying	  decision-­‐making	  with	  AHP	  is	  a	  reflected	  decision,	  where	  decision-­‐makers	   consciously	   strike	   a	   balance	   between	   known	   alternatives	   and	   decision	  criteria.	   In	   reflected	   decisions	   we	   expect	   to	   derive	   consistent	   judgments	   in	   the	   AHP	  comparisons	  of	  pairs.	  In	  other	  words,	  comparing	  options	  of	  pairs	  reveals	  absolute	  options’	  values,	  which	  mirror	  the	  relative	  judgments.	  The	  AHP	  consistency	  analysis	  gives	  insight	  into	  how	  consistently	  the	  comparisons	  were	  made	  and	  therefore	  how	  high	  the	  cognitive	  effort	  in	  the	   decision	  was.	   A	   certain	   inconsistency	   (10%)	   is	   hereby	   accepted	   in	   the	   standard	   AHP	  (Saaty	   1980).	   In	   the	   adapted	   procedure	   presented	   here,	   alternatives	   and	   criteria	   were	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predefined	   and	   therefore	   higher	   inconsistencies	   were	   expected.	   In	   the	   case	   of	   RMCM,	  structural	   engineers	   showed	   slightly	   higher	   inconsistencies	   (i.e.	   44%	   for	   weighting	   the	  criteria,	  24%	  for	  weighting	  alternatives)	  in	  their	  comparative	  judgments	  compared	  with	  the	  other	  agent	  groups.	  In	  other	  words,	  they	  may	  use	  simpler	  decision	  heuristics.	  	  The	   steps	   of	   comparing	   decision-­‐making	   preferences	   and	   behavior	   as	  well	   as	   empirically	  validating	  underlying	  decision-­‐making	  assumptions	  are	  key	  for	  ABM.	  Analyzing	  behavioral	  consistency	  allows	  one	  to	  assess	  the	  operational	  validity	  of	  the	  decision-­‐making	  model.	  The	  conceptual	  validity	  of	  the	  decision-­‐making	  process	  further	  increases	  the	  overall	  conceptual	  validity	  of	  the	  ABM.	  
3 Discussion	  This	   paper	   addressed	   three	   major	   shortcomings	   limiting	   a	   full	   exploitation	   of	   ABM’s	  potential;	   (i)	  applications	  “proof	  of	  concept”	   that	   is	   too	   theoretical,	   (ii)	  agents	   that	  are	   too	  simple	  and	  not	  behaviorally	  realistic	  and	   lack	  a	  basis	  on	  empirical	  data	  and	  (iii)	   too	  much	  value	  placed	  on	  operational	  validity	   instead	  of	  conceptual	  validity.	  Furthermore,	   the	  agent	  operationalization	   approach	   was	   presented	   as	   a	   specific	   procedure	   that	   links	   theoretical	  concepts	   and	   empirical	   methods	   addressing	   the	   above	   mentioned	   shortcomings.	   This	  approach	   provides	   guidance	   to	   identify	   the	   relevant	   agents,	   analyze	   their	   interaction,	  quantify	   their	   decision-­‐making	   and	   conceptually	   validate	   agents’	   decision-­‐making.	   In	   the	  following	  we	  discuss	  how	  the	  agent	  operationalization	  approach	  contributes	  to	  each	  of	  the	  shortcomings	  highlighted	  in	  the	  introduction.	  
3.1	   Beyond	  proof	  of	  concept	  Janssen	  and	  Ostrom	  (2006)	  argue	  that	  “although	  most	  models	  are	  inspired	  by	  observations	  of	   real	  biological	   and	   social	   systems,	  many	  of	   them	  have	  not	  been	   rigorously	   tested	  using	  empirical	   data	   and	   therefore	   do	   not	   go	   beyond	   a	   ’proof	   of	   concept’.”	   Including	   empirical	  system	  knowledge	  regarding	  ABM	  is	  referred	  to	  as	  participatory	  or	  collaborative	  modeling	  (Voinov	   and	   Bousquet	   2010).	   According	   to	   Moss	   (2008),	   the	   agent	   operationalization	  approach	   lies	  between	   the	   “economic	  modeling”	  and	   the	   “companion	  modeling”	  approach.	  Like	  the	  economic	  modelers	  we	  presume	  the	  existence	  of	  a	  real	  data	  generating	  process	  (e.g.	  decision-­‐making	  process)	  (Windrum	  et	  al.	  2007),	  but	  we	  aim	  at	  observing	  and	  quantifying	  it	  directly	   by	   including	   local	   system	   knowledge	   as	   in	   the	   companion	   modeling	   approach	  (Barreteau	  2003;	  Bousquet	  and	  Le	  Page	  2004).	  Integrating	  empirical	  system	  knowledge	  has	  been	   found	   to	   be	   important	   for	   case	   studies	   in	   general	   (Scholz	   and	   Tietje	   2002)	   and	  resource	  management	  in	  particular	  (Pahl-­‐Wostl	  2007).	  Furthermore	  it	  generates	  trust	  in	  the	  model	   through	   participant	   identification	   (Berger	   et	   al.	   2007)	   and	   promotes	   ownership	  through	  stakeholder	  involvement	  (Nikolic	  2009).	  The	   contribution	   of	   the	   here	   presented	   agent	   operationalization	   approach	   consists	   in	  providing	  a	  specific	  strategy	  for	  embedding	  empirical	  knowledge	  into	  modeling	  practice	  as	  called	   for	   by	   Boero	   and	   Squazzoni	   (2005).	   Therefore,	   empirical	   knowledge	   is	   gathered	   at	  each	  step	  of	  the	  approach.	  However,	   the	  proposed	  approach	  to	  operationalizing	  agents	   for	  ABM	  was	  developed	  as	  a	  case-­‐based	  model.	  The	  price	  for	  higher	  model	  realism	  achieved	  by	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this	  context	  dependency	  is	  less	  generality	  (Costanza	  et	  al.	  1993).	  We	  acknowledge	  the	  broad	  range	  of	  ABM	  application	  from	  highly	  context	  specific	  “case-­‐based	  models”	  to	  generalizable	  “theoretical	   abstractions”,	   influencing	   the	   type	   of	   empirical	   data	   and	   validation	   methods	  required	   (Boero	   and	   Squazzoni	   2005;	   Janssen	   and	   Ostrom	   2006).	   The	   adaptation	   of	   the	  proposed	   approach	   for	   operationalizing	   agents	   to	   “typifications”	   or	   “theoretical	  abstractions”	  will	  therefore	  be	  the	  subject	  for	  further	  research.	  
3.2	   Behaviorally	  realistic	  agents	  Focusing	  on	   individual	  decision-­‐making	  rather	   than	  on	  simple	  behavioral	   rules	   (Macy	  and	  Willer	  2002)	   is	   the	   first	  step	  required	  towards	  more	  behaviorally	  realistic	  agents	  (Janssen	  2002).	  The	  agent	  operationalization	  approach	  contributes	   to	   that	  by	  obtaining	  an	  array	  of	  sample	   agents	   (including	   their	   decision-­‐making	   and	   behavior)	   as	  well	   as	   allowing	   one	   to	  operationally	  validate	  the	  individual	  decision-­‐making	  model	  by	  comparing	  decision-­‐making	  preferences	  and	  behavior	  (i.e.	  behavioral	  consistencies):	  
Array	   of	   sample	   agents:	   The	   array	   of	   sample	   agents	   is	   obtained	   by	   operationalizing	   the	  agents’	  decision-­‐making	  process	  through	  the	  AHP.	  AHP	  allows	  one	  to	  indirectly	  gather	  data	  about	  agents	  decisions	  by	  weighting	   criteria	  and	  alternatives	  per	   criterion,	  while	   the	   final	  alternative	  decision	  is	  derived	  by	  a	  simple	  matrix	  calculation	  (Saaty	  1990).	  The	  ratio-­‐scale	  weighting	   method	   we	   have	   included	   (Jia	   et	   al.	   1998)	   simplifies	   transfer	   of	   the	   derived	  information	  into	  ABM.	  In	  other	  words,	  deriving	  an	  array	  of	  sample	  agents’	  decision-­‐making	  based	  on	  AHP	  provides	  not	  only	  a	  set	  of	  directly	   implementable	  decision-­‐making	  data	  but	  also	   the	   procedure	   for	   its	   processing.	   This	   significantly	   reduces	   the	   models’	   degree	   of	  freedom	  and	  decreases	  the	  parameters	  space	  to	  scan.	  However,	  there	  will	  still	  be	  remaining	  assumptions-­‐in-­‐design	   which	   have	   to	   be	   specified	   (e.g.	   agents’	   time	   horizon	   for	   their	  retrospective	  memory)	  and	  whose	  effects	  on	  the	  system	  output	  have	  to	  be	  analyzed.	  
Behavioral	  consistencies:	  Decision	  preferences	  (i.e.	  intention)	  and	  their	  consistency	  with	  real	  behavior	  are	  central	  parameters	  for	  operationalizing	  more	  behaviorally	  realistic	  agents	  for	  ABM.	  Comparing	  a	  decision-­‐making	  outcome	  with	  actual	  behavior	  allows	  one	  to	  assess	  how	  well	   a	   particular	   decision-­‐making	   model	   mirrors	   behavior.	   A	   further	   advantage	   of	   the	  combined	  quantification	  of	  decision-­‐making	  and	  behavior	  for	  ABM	  agent	  operationalization	  is	  that	  simple	  decision	  heuristics	  (e.g.	  based	  on	  socio-­‐demographic	  variables	  and	  behavior)	  can	   be	   implemented	   instead	   of	   the	   complex	   AHP	   decision-­‐making	   process,	   whenever	  operational	  validation	  fails.	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3.3	   Conceptual	  validation	  We	  have	  argued	  that	  “ensuring	  that	  the	  theories	  and	  assumptions	  underlying	  the	  conceptual	  model	   are	   correct”	   (i.e.	   conceptual	   validation)	   should	   be	   given	   more	   importance	   in	   the	  validation	  process	  of	  ABM,	  instead	  of	  concentrating	  on	  operational	  validation.	  The	  need	  for	  a	  “micro-­‐level	   validation”	   (i.e.	   ensuring	   that	   micro-­‐level	   behavior	   adequately	   represents	  actors’	  activity	  (Gilbert	  2004))	   in	  order	  to	  reproduce	  human-­‐like	  behavior	  and	  thinking,	   is	  highlighted	  by	  Takadama	  et	  al.	   (2008).	  The	  agent	  operationalization	  approach	  contributes	  to	  that	  by	  providing	  a	  specific	  procedure	  with	  which	  to	  assess	  the	  conceptual	  validity	  of	  the	  models.	  	  Each	  step	  of	  the	  agent	  operationalization	  approach	  -­‐	  from	  the	  selection	  of	  the	  agents	  to	  the	  inclusion	   to	   their	   individual	   decision-­‐making	   and	   behavior	   -­‐	   draws	   upon	   local	   system	  knowledge,	  either	  qualitatively	  through	  expert	  interviews	  or	  quantitatively	  through	  surveys.	  This	   allows	   us	   to	   test	   the	   assumptions	   made	   in	   each	   step	   of	   the	   model	   development	  procedure	   leading	   to	   the	   conceptual	   model	   and,	   therefore,	   to	   ensure	   the	   validity	   of	   the	  conceptual	  model	  (Sargent	  2008).	  	  However,	   the	   approach	   was	   developed	   for	   a	   contextual,	   case-­‐based	   model	   purpose.	  Validation	  may	  have	  different	  meanings	  for	  different	  model	  purposes	  (Küppers	  and	  Lenhard	  2005)	  which	  is	  why	  different	  validation	  techniques	  and	  procedures	  exist	  (Louie	  and	  Carley	  2008;	  Moss	  2008).	  Even	   though	   in	  our	  approach	   the	   focus	   is	  on	  conceptual	  validation,	  we	  acknowledge	   the	   importance	   of	   verification	   (e.g.	   computerized	   model	   validation)	   and	  operational	  validation	  for	  ABM	  development	  and	  validation	  (Louie	  and	  Carley	  2008;	  Sargent	  2008;	  Takadama	  et	  al.	  2008).	  Louie	  and	  Carley	  (2008)	  have	  proposed	  a	  framework	  for	  how	  models	   ought	   to	   be	   validated	   based	   on	   their	   purpose.	   However,	   how	   to	   exactly	   balance	  verification,	  conceptual	  and	  operational	  validation	  depending	  on	  the	  model	  purpose	  is	  still	  an	  open	  question.	  
4 Conclusion	  This	   paper	   presented	   an	   agent	   operationalization	   approach,	   with	   the	   aim	   of	   providing	   a	  comprehensive	  framework	  to	  operationalize	  key	  system	  agents,	  their	  interaction,	  decision-­‐making	   and	   behavior	   for	   ABM,	   exemplified	   by	   means	   of	   the	   Swiss	   mineral	   construction	  material	  case	  study.	  The	  approach	  addresses	  three	  major	  concerns	  limiting	  ABMs’	  full	  potential:	  (i) Going	   beyond	   a	   “proof	   of	   concept”:	   The	   approach	   gives	   a	   specific	   strategy	   for	  embedding	   empirical	   knowledge	   into	   modeling	   practices.	   It	   provides	   a	   step-­‐by-­‐step	  procedure	   for	   identifying	   the	   relevant	   agents	   to	   be	   included	   in	   the	   ABM	   and	   for	  analyzing	   their	   interaction	   chain	   in	   participatory	   approaches	   (e.g.	   expert	   interviews	  and	  workshops),	  thus	  enhancing	  the	  credibility	  of	  models	  implemented	  consequently.	  (ii) Behaviorally	   realistic	   agents:	   The	   approach	   provides	   an	   array	   of	   sample	   agents	  with	  realistic	   (i.e.	   empirically	   quantified)	   decision-­‐making	   and	   behavior,	   reducing	   the	  parameter	   space	   to	   scan.	  Quantifying	   agents’	   decisions	  with	  AHP	  provides	  not	  only	   a	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set	   of	   directly	   implementable	   decision-­‐making	   data	   but	   also	   an	   opportunity	   to	   test	  decision-­‐making	  assumptions	  empirically.	   In	  addition,	  checking	  the	  consistency	  of	   the	  decision-­‐making	   outcome	   with	   behavior	   allows	   one	   to	   further	   validate/falsify	   the	  implemented	  decision-­‐making	  theory.	  	  (iii) Conceptual	   validity:	   The	   approach	   enhances	   the	   importance	   of	   conceptual	   model	  validity	  by	  providing	  a	  way	  to	  empirically	  test	  one’s	  theoretical	  assumptions.	  The	   comprehensive	   framework	   embedded	   in	   social	   process	   theory	   and	   decision	   making	  theory	  leads	  to	  more	  behavioral	  realistic	  agents	  and	  increases	  the	  conceptual	  model	  validity.	  The	  credibility	  of	  ABM	  is	  increased	  by	  the	  use	  of	  participatory	  processes.	  The	  example	  of	  the	  Swiss	  construction	  material	  case	  has	  demonstrated	   the	  practicability	  of	   the	  approach.	  The	  approach	   thus	   provides	   a	   transparent	   and	  well	   founded	   procedure	   applicable	   to	   a	   broad	  field	   of	   socio-­‐ecological	   and	   socio-­‐technical	   system	   modeling	   problems	   with	   ABM	   to	   the	  degree	   possible	  within	   the	   limits	   of	   the	   constituent	   theory	   and	  method.	   Further	   research	  should	   deal	   with,	   highlighting	   the	   added	   value	   of	   the	   approach	   by	   modeling	   the	   agents‘	  interaction	  and	  adapting	   the	  approach	   for	  more	  generalizable	  ABM	  applications	  and	  cases	  with	  more	  informal	  social	  interaction	  and	  less	  cognizant	  decisions.	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Appendix	  1:	  Questionnaire	  AHP	  elicitation	  protocol	  
Table	  A.1:	  AHP	  elicitation	  protocol	  in	  the	  questionnaire	  exemplified	  by	  the	  structural	  engineers’	  design	  
specification	  decision	  
Questions	  to	  the	  material	  choice:	  
In	  the	  project	  specification	  phase,	  you	  decided	  which	  materials	  you	  advised	  the	  
architects	  to	  specify	  in	  the	  tender	  documents	  for	  which	  application.	  In	  this	  decision	  
the	  following	  three	  options	  were	  possible.	  	  	   1:	  Specify	  conventional	  materials	   You	  advised	  the	  architect	  to	  specify	  and	  use	  conventional	  materials	  	   2.	  Specify	  recycled	  mineral	  
construction	  materials	  (RMCM)	   You	  advised	  the	  architect	  to	  specify	  and	  use	  recycled	  mineral	  construction	  materials	  (RMCM)	  	   3.	  Property	  specification	   You	  advised	  the	  architect	  to	  specify	  the	  required	  material	  properties	  in	  the	  tender	  documents.	  This	  way,	  conventional	  materials	  or	  RMCM	  or	  the	  two	  as	  alternatives	  could	  be	  offered.	  
The	  following	  criteria	  were	  generally	  considered	  important	  for	  engineers	  when	  they	  
specify	  what	  materials	  to	  use,	  as	  first	  results	  from	  an	  expert	  workshop	  showed.	  	  
	   Project	  specification	  
The	  project	  specification	  for	  the	  awarding	  
authorities	  regarding	  sustainable	  construction	  in	  general	  and/or	  the	  use	  of	  RMCM.	  
	   Expected	  tender	  price	   The	  expected	  tender	  price	  of	  conventional	  materials	  or	  RMCM.	  	  
	   Experience	   Your	  experience	  with	  conventional	  materials	  and	  RMCM.	  
	   Law	  and	  standards	   	   How	  law	  and	  standards	  favor	  the	  use	  of	  conventional	  materials	  or	  RMCM.	  
It	  is	  supposable	  that	  your	  decision	  differs	  depending	  on	  the	  application	  and	  the	  type	  
of	  RMCM	  to	  be	  used.	  Therefore,	  we	  consider	  the	  following	  three	  different	  
applications.	  
A. Structural	  concrete	  for	  wet	  outdoor	  applications	  (concrete	  slab,	  walls)	  
B. Structural	  concrete	  for	  dry	  indoor	  applications	  (concrete	  slab,	  walls,	  ceilings)	  
C. Lean	  concrete	  applications	  (Blinding	  layer,	  back	  fillings)	  
For	  each	  of	  this	  three	  applications	  conventional	  materials	  and	  RMCM	  will	  be	  
compared.	  The	  following	  material	  options	  will	  be	  considered.	  
Conventional	  concrete	   Conventional	  concrete	  with	  primary	  material	  aggregates	  (gravel/sand)	  
Recycling	  concrete	  B:	   RC-­‐Concrete	  B;	  (25-­‐100%)	  concrete	  rubble	  aggregates	  (crushed	  rubble	  from	  concrete	  building	  elements)	  
Recycling	  concrete	  M:	  
RC-­‐Concrete	  M;	  (25-­‐100%)	  mixed	  rubble	  aggregates	  (crushed	  mixed	  rubble	  from	  clinker,	  lime-­‐sand	  and	  natural	  brick	  works	  and	  from	  concrete	  building	  elements)	  
In	  following	  we	  ask	  you	  to	  define	  the	  criteria	  weights	  and	  to	  evaluate	  the	  material	  
options	  regarding	  each	  criterion	  for	  each	  of	  the	  three	  applications.	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Please	  answer	  the	  questions	  for	  the	  following	  application:	  
A	   Structural	  concrete	  for	  wet	  outdoor	  applications	  
How	  important	  were	  the	  following	  criteria	  in	  comparison	  when	  you	  recommended	  
materials	  for	  wet	  outdoor	  structural	  concrete	  applications?	  
Criterion	  A	   Criteri
on	  A	  do
minant
	  
Very	  st
rongly
	  more	  	  
	  	  	  	  
import
ant	  
Strong
ly	  mor
e	  
import
ant	  
Slightly
	  more	  
import
ant	  
Equally
	  impor
tant	  
Slightly
	  more	  
import
ant	  
Strong
ly	  mor
e	  
import
ant	  
Very	  st
rongly
	  more	  	  
	  	  
import
ant	  
Criteri
on	  B	  do
minant
	  
Criterion	  B	  Project	  specification	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Expected	  tender	  price	  Project	  specification	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Experience	  Project	  specification	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Law	  and	  standards	  Expected	  tender	  price	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Experience	  Expected	  tender	  price	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Law	  and	  standards	  Experience	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Law	  and	  standards	  
In	  the	  following	  we	  ask	  you	  to	  compare	  the	  different	  material	  options	  regarding	  just	  
one	  single	  criterion	  or,	  in	  other	  words,	  how	  do	  the	  different	  material	  options	  
perform	  considering	  exclusively	  this	  single	  criterion.	  
How	  do	  the	  different	  material	  options	  perform	  in	  comparison,	  	  
regarding	  the	  “expected	  tender	  price”	  ?	  
Option	  A	   Option
	  A	  perf
orms	  
domin
ant	  bet
ter	  
Very	  st
rongly
	  better
	  
Strong
ly	  bette
r	  
Slightly
	  better
	  
Equal	  p
erform
ance	  
Slightly
	  better
	  
Strong
ly	  bette
r	  
Very	  st
rongly
	  better
	  
Option
	  B	  perf
orms	  
domin
ant	  bet
ter	  
Option	  B	  Specify	  conventional	  	  	  	  	  	  	  	  	  concrete	  
❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Specify	  recycling	  concrete	  B	  (concrete	  rubble	  aggregates)	  Specify	  conventional	  	  	  	  	  	  	  	  	  concrete	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Property	  specification	  Specify	  recycling	  concrete	  B	  (concrete	  rubble	  aggregates)	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Property	  specification	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How	  do	  the	  different	  material	  options	  perform	  in	  comparison,	  	  
regarding	  your	  “experience	  with	  the	  particular	  materials”	  ?	  
Option	  A	   Option
	  A	  perf
orms	  
domin
ant	  bet
ter	  
Very	  st
rongly
	  
better	   Strong
ly	  bette
r	  
Slightly
	  better
	  
Equal	  p
erform
ance	  
Slightly
	  better
	  
Strong
ly	  bette
r	  
Very	  st
rongly
	  
better	   Option
	  B	  perf
orms	  
domin
ant	  bet
ter	  
Option	  B	  Specify	  conventional	  	  	  	  	  	  	  	  	  concrete	  
❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Specify	  recycling	  concrete	  B	  (concrete	  rubble	  aggregates)	  Specify	  conventional	  	  	  	  	  	  	  	  	  concrete	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Property	  specification	  Specify	  recycling	  concrete	  B	  (concrete	  rubble	  aggregates)	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Property	  specification	  
How	  do	  the	  different	  material	  options	  perform	  in	  comparison,	  
regarding	  the	  existing	  “law	  and	  standards”	  ?	  Specify	  conventional	  	  	  	  	  	  	  	  	  concrete	  
❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Specify	  recycling	  concrete	  B	  (concrete	  rubble	  aggregates)	  Specify	  conventional	  	  	  	  	  	  	  	  	  concrete	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Property	  specification	  Specify	  recycling	  concrete	  B	  (concrete	  rubble	  aggregates)	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   ❒	   Property	  specification	  
Which	  materials	  were	  specified	  in	  this	  construction	  project	  for	  wet	  outdoor	  structural	  concrete	  applications?	  
❒	   Conventional	  concrete	  
❒	   Recycling	  concrete	  B	  (concrete	  rubble	  aggregates)	  
❒	   Property	  specification	  
❒	   I	  do	  not	  know	  
❒	   No	  wet	  outdoor	  concrete	  applications	  in	  the	  project	  	  
Were	  there	  additional	  aspects	  affecting	  your	  decision,	  if	  yes	  which	  ones?	   ____________________________________________	  ____________________________________________	  
Which	  materials	  were	  used	  in	  this	  construction	  project	  for	  wet	  outdoor	  structural	  concrete	  applications?	   ❒	   Conventional	  concrete	  ❒	   Recycling	  concrete	  B	  (concrete	  rubble	  aggregates)	  
❒	   I	  do	  not	  know	  
❒	   No	  wet	  outdoor	  concrete	  applications	  in	  the	  project	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Publication	  II	  
Decisions	   on	   recycling:	   Construction	   stakeholders’	   decisions	  
regarding	  recycled	  mineral	  construction	  materials	  
Overview	  This	   paper	   analyses	   construction	   stakeholders’	   behaviours,	   and	   decision-­‐making	  regarding	   recycled	   mineral	   construction	   materials	   (RMCM)	   for	   the	   construction	   material	  market	  in	  Switzerland.	  It	  therefore	  aims	  at	  illustrating	  why	  construction	  stakeholders	  do	  not	  yet	   broadly	   apply	   RMCM	   even	   though	   their	   use	   is	   regulated	   and	   successful	   application	  examples	   are	   available.	   Applying	   the	   agent	   operationalization	   approach,	   stakeholders’	  decision-­‐making	   was	   elicited	   with	   the	   analytical	   hierarchy	   process	   (AHP)	   and	   quantified	  together	  with	   their	   behaviour	   in	   a	   survey.	   The	   usefulness	   of	   the	   agent	   operationalization	  approach	   is	   shown	   by	   the	   good	   alignment	   of	   the	   outcome	   of	   decision	   modelling	   with	  reported	  behaviour.	  
Main	  findings	  
• Stakeholder	   interaction:	   The	   results	   demonstrate	   the	   importance	   of	   stakeholders’	  interactions,	   as	   most	   stakeholders	   decide	   which	   material	   to	   apply	   based	   on	   interactions	  with	  other	  stakeholders	  (i.e.	  recommendations	  and	  specifications).	  
• The	   role	   of	   the	   engineer:	   An	   initial	   specification	   by	   awarding	   authorities	   that	  construction	   should	   be	   sustainable	   had	   little	   relevance	   to	   subsequent	   material	   decisions.	  Instead	  engineers,	  the	  second	  stakeholder	  group	  in	  the	  interaction	  chain,	  mainly	  influenced	  by	  experience,	  law	  and	  standards,	  had	  a	  crucial	  role	  in	  influencing	  the	  decision	  chain.	  
• Sectorial	  differences:	  In	  civil	  engineering	  (CE)	  RMCM	  were	  broadly	  accepted	  where	  in	  more	  than	  30%	  of	  all	  cases	  RMCM	  were	  used.	  In	  contrast,	  RMCM	  were	  still	  niche	  products	  in	  structural	  engineering	  (SE)	  with	  less	  than	  10%.	  	  
• Rational	   decisions:	   Construction	   stakeholders	   usually	   decided	   rationally	   (i.e.	   make	  consistent	   judgments	   in	   the	   AHP)	   and	   behave	   rationally	   (i.e.	   good	   alignment	   of	   decision-­‐making	  outcome	  with	  behaviour).	  
Relevance	  for	  the	  doctoral	  thesis	  With	   respect	   to	   the	   thesis	   this	   study	   contributed	   with	   (i)	   understanding	   construction	  stakeholders’	   reluctance	   to	   a	   broader	   use	   of	   RMCM	   and	   (ii)	   providing	   empirically	   based	  agent	  decisions	  for	  the	  agent-­‐based	  model	  development.	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Abstract	  
Construction	   and	   demolition	   (C&D)	   waste,	   being	   already	   the	   largest	   waste	   fraction	   in	  
industrialized	   countries,	   is	   expected	   to	   increase	   in	   the	   future.	   C&D	   waste	   recycling	   has	   been	  
considered	  to	  be	  a	  valuable	  option	  not	  only	   for	  minimizing	  C&D	  waste	  streams	  to	   landfills	  but	  
also	  for	  preventing	  primary	  mineral	  resource	  depletion.	  Even	  though	  the	  use	  of	  recycled	  mineral	  
construction	  materials	  (RMCM)	  is	  regulated	  and	  successful	  application	  examples	  are	  available,	  it	  
is	   not	   yet	   broadly	   applied	   by	   construction	   stakeholders.	   Thus,	   far	   too	   little	   is	   known	   about	  
stakeholders’	   reasoning	   leading	   to	   that	   behavior.	   We	   analyze	   construction	   stakeholders’	  
behavior,	   and	   decision-­‐making	   regarding	   RMCM	   for	   the	   construction	   material	   market	   in	  
Switzerland.	  Applying	  the	  agent	  operationalization	  approach,	  stakeholders’	  decision-­‐making	  was	  
elicited	  with	  the	  analytical	  hierarchy	  process	  (AHP)	  and	  quantified	  together	  with	  the	  behavior	  in	  
a	   survey.	   The	   results	   demonstrate	   the	   importance	   of	   stakeholder	   interaction,	   i.e.	   most	  
stakeholders	  decide	  which	  material	   to	  apply	  based	  on	   interaction	  with	  other	  stakeholders	   (i.e.	  
recommendations	   and	   specifications).	   However,	   an	   initial	   general	   specification	   by	   awarding	  
authorities	   that	   construction	   should	   be	   sustainable	   has	   little	   relevance	   to	   the	   subsequent	  
material	  decisions.	  Instead	  the	  role	  of	  engineers,	  the	  second	  stakeholder	  group	  in	  the	  interaction	  
chain,	   mainly	   influenced	   by	   experience,	   law	   and	   standards,	   is	   crucial.	   Furthermore,	   in	   civil	  
engineering	  (CE)	  RMCM	  are	  broadly	  accepted,	  whereas	  in	  structural	  engineering	  (SE)	  RMCM	  are	  
still	   a	  niche	  product.	  The	  usefulness	  of	   the	  agent	  operationalization	  approach	   is	   shown	  by	   the	  
good	  alignment	  of	  the	  outcome	  of	  decision	  modeling	  with	  observed	  behavior.	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1. Introduction	  
Construction	  and	  demolition	  (C&D)	  waste,	  which	  already	  comprises	  the	  largest	  waste	  fraction	  in	  
industrialized	   countries	   (Schachermayer	   et	   al.,	   2000),	   is	   expected	   to	   increase	   in	   the	   future.	  
Studies	  from	  the	  Netherlands	  (Muller,	  2006)	  and	  Norway	  (Bergsdal	  et	  al.,	  2007)	  show	  this	  trend	  
for	  countries	  of	  the	  European	  Union,	  Hashimoto	  et	  al.	  (2007)	  for	  Japan	  and	  Hao	  et	  al.	  (2007)	  for	  
Hong	   Kong.	   Due	   to	   limited	   landfill	   capacities	   (Duran	   et	   al.,	   2006)	   and	   C&D	   waste	   disposals’	  
environmental	   impacts	   (Fatta	   et	   al.,	   2003,	   Jang	   and	   Townsend,	   2001),	   a	   sustainable	  
management	  of	  these	  waste	  streams	  is	  required.	  C&D	  waste	  recycling	  has	  been	  considered	  to	  be	  
a	  valuable	  option	  not	  only	   for	  minimizing	  C&D	  waste	  streams	  to	   landfills	   (Lawson	  et	  al.,	  2001)	  
but	   also	   for	   preventing	   primary	  mineral	   resource	   depletion	   (e.g.	   Blum	   and	   Stutzriemer	   (2007)	  	  
and	  Weil	  et	  al.,	  (2006)).	  	  	  
In	   Switzerland	   C&D	   waste	   is	   by	   far	   the	   largest	   waste	   fraction	   (~70%	   (FOEN,	   2005),	   and	   it	   is	  
dominated	   by	   the	   mineral	   fraction	   with	   85%	   (FOEN,	   2001a).	   Although	   the	   recycling	   rate	   of	  
mineral	   C&D	   waste	   is	   currently	   rather	   high	   at	   about	   80%,	   (FOEN,	   2005),	   it	   varies	   across	   the	  
country	   (FOEN,	   2001b,	   Staeubli	   et	   al.,	   2005).	   Moreover,	   it	   is	   expected	   to	   decrease	   due	   to	   a	  
decreasing	   demand	   for	   recycling	  mineral	   construction	  material	   (RMCM)	   from	   civil	   engineering	  
(CE),	   and	   an	   increasing	   amount	   of	   C&D	  waste	   from	   structural	   engineering	   (SE)	   (Spoerri	   et	   al.,	  
2009).	   In	   the	   following	   we	   consider	   civil	   engineering	   (CE)	   as	   the	   design	   and	   construction	   of	  
mainly	   publicly	   contracted	  works,	   such	   as	   roads,	   bridges,	   tunnels	  water	   and	   electricity	   supply	  
and	  sewerage,	  and	  structural	  engineering	  (SE)	  as	  the	  design	  and	  construction	  of	  buildings.	  
The	   current	   RMCM	   recycling	   routes	   (mainly	   low-­‐grade	   applications,	   lean	   concrete	   and	  
uncompounded	  foundation	  layers),	  have	  limited	  capacities	  (Moser	  et	  al.,	  2004).	  Recent	  research	  
has	   demonstrated	   the	   suitability	   of	   RMCM	   for	   high-­‐grade	   applications	   (Hoffmann	   and	   Jacobs,	  
2007,	  Li,	  2008,	  Poon	  et	  al.,	  2009,	  Rao	  et	  al.,	  2007).	  High-­‐grade	  RMCM	  applications	  are	  already	  
defined	   in	   laws	   (FOEN,	   2006)	   and	   standards	   (KBOB,	   2007,	   SIA,	   2010).	   In	   addition,	   reference	  
projects	  have	  demonstrated	   the	  practicability	  of	  high-­‐grade	  RMCM	  applications	   (Hofmann	  and	  
Patt,	  2006).	  	  
Even	  though	  RMCM	  are	  technically	  feasible	  and	  regulated,	  and	  successful	  application	  examples	  
are	  available;	  they	  are	  not	  yet	  broadly	  used	  in	  Switzerland.	  In	  particular	  SE	  stakeholders	  still	  use	  
conventional	  materials	  for	  high-­‐grade	  applications.	  There	  may	  be	  two	  reasons	  for	  this:	  there	  are	  
too	  few	  or	  no	  economic	  incentives	  for	  a	  behavioral	  change	  towards	  recycling	  (Huang	  et	  al.,	  2002,	  
Loughlin	  and	  Barlaz,	  2006),	  and	  there	  is	  a	  cognitive	  bias	  not	  to	  change	  established	  behavior	  (i.e.	  
status	  quo	  bias)	  (Kahneman	  et	  al.,	  1991).	  
Prices	  for	  RMCM	  alternatives	  are	  often	  in	  the	  same	  range	  as	  conventional	  materials	  (Robinson	  et	  
al.,	   2004).	   A	   comparison	   of	   prices	   ex	   works	   of	   two	   large	   concrete	   producers	   in	   Switzerland	  
showed	   that	   the	   recycling	  discount	   varied	   from	  a	  7%	   reduction	   to	   a	  price	   that	  was	  2%	  higher	  
(EBERHARD,	  2010,	  HASTAG,	  2010).	  This	   finding	  reflected	  the	  fact	   that	  price	  differences	  related	  
to	  the	  different	  mineral	  construction	  materials	  are	  often	  negligible	   in	  the	  overall	  project	  costs.	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Thus,	  decision	  criteria	  other	  than	  price	  are	  likely	  to	  tip	  the	  balance	  in	  construction	  stakeholders'	  
decisions	   regarding	   RMCM;	   legitimation	   rules	   (e.g.	   construction	   laws	   and	   standards,	   scope	   of	  
liability,	  image	  and	  trends),	  authoritative	  resources	  (e.g.	  policy	  objectives,	  project	  specifications,	  
recommendations)	  as	  well	  as	  allocative	  resources	  (e.g.	  experience)	  may	  be	  important	  (Knoeri	  et	  
al.,	   2010,	   Moser	   et	   al.,	   2004).	   Therefore,	   knowing	   the	   decision	   criteria	   and	   their	   respective	  
potential	  for	  affecting	  decisions	  is	  crucial	  for	  quantitatively	  analyzing	  decisions	  regarding	  RMCM.	  
Decision	  heuristics	  of	  managers	  (e.g.	  decision-­‐making	  under	  uncertainty	  (Amihud	  and	  Lev,	  1981,	  
Finucane	   et	   al.,	   2000))	   and	   adherence	   to	   the	   status	   quo	   (Pettigrew,	   1973)	  may	   cause	   lock-­‐in	  
effects,	   preventing	   emerging	   technology	   adoption	   (Witt,	   1997).	   Using	   tried-­‐and-­‐tested	   simple	  
decision	  heuristics	  has	  been	  found	  to	  be	  usually	  more	  efficient	  than	  rationally	  reflecting	  on	  the	  
different	   alternatives	   and	   criteria	   (Schwenk,	   1984,	   Simon,	   1979).	   Individuals	   utilize	   biases	   and	  
heuristics	   to	   different	   degrees	   according	   to	   different	   roles	   (e.g.	   managers	   vs.	   entrepreneurs)	  
(Busenitz	   and	   Barney,	   1997).	   Construction	   stakeholders’	   decisions	   vary	   from	   ownership	  
requirements	  (awarding	  authority)	  via	  design	  specifications	  (architects)	  to	  risk	  related	  decisions	  
(structural	   engineers	   and	   contractors)	   (Knoeri	   et	   al.,	   2010).	   Thus,	   it	   is	   important	   to	   know	  how	  
rational	   construction	   stakeholders	   take	   their	   decisions	   and	  which	   decision	   heuristics	   they	   use	  
when.	  
Summarily,	   the	   criteria	   affecting	   each	   decision,	   the	   strength	   of	   the	   criteria	   as	   well	   as	   which	  
decision	   heuristics	   stakeholders	   use	   have	   to	   be	   analyzed,	   in	   order	   to	   understand	   how	   to	  
overcome	  a	  construction	  stakeholder’s	  reluctance	  to	  use	  RMCM.	  The	  purpose	  of	  this	  paper	  is	  to	  
analyze	   construction	   stakeholders'	   behavior	   and	   decisions	   regarding	   RMCM	   by	   answering	   the	  
following	  research	  questions:	  
• How	   do	   construction	   stakeholders	   behave	   (i.e.	   what	   construction	   materials	   do	   they	  
apply)?	  
• What	   decision	   criteria	   contribute	   to	   what	   extent	   to	   the	   construction	   stakeholders’	  
decisions	  regarding	  RMCM?	  
• How	  rationally	  do	  construction	  stakeholders	  make	  their	  decisions	  and	  behave?	  
This	  paper	  first	  presents	  the	  methods	  used,	  gives	  insight	  into	  the	  case	  study	  area	  (i.e.	  the	  Swiss	  
construction	   material	   demand)	   and	   describes	   the	   sample.	   Secondly,	   we	   present	   the	   results	  
regarding	   the	   research	  questions	   raised	  above	  per	   construction	   sector	   and	   stakeholder	   group.	  
Thirdly,	  we	  discuss	  the	  findings	  and	  their	  practical	  implications	  in	  the	  broader	  research	  context.	  
Finally,	  we	  conclude	  and	  give	  an	  outlook	  on	  further	  research.	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2. Methods	  and	  case	  study	  and	  sample	  description	  
2.1	  Methods	  	  
2.1.1	  The	  agent	  operationalization	  approach	  
In	   order	   to	   analyze	   construction	   stakeholders’	   decision-­‐making	   and	  behavior	   regarding	  RMCM	  
we	  used	  the	  agent	  operationalization	  approach	  for	  agent	  based	  modeling	  (Knoeri	  et	  al.,	  2010).	  It	  
includes	  the	  following	  four	  steps:	  (i)	  identification	  of	  the	  relevant	  agents,	  (ii)	  identification	  of	  the	  
agents’	   interaction	   chain,	   (iii)	   quantification	   of	   agents’	   decision-­‐making	   process	   and	   (iv)	  
behavioral	   consistency	   analysis	   and	   conceptual	   validation.	   For	   step	   one	   and	   two	  we	   relied	   on	  
Knoeri	   et	   al.	   (2010)	   and	   concentrated	  on	   steps	   three	  and	   four	  of	   the	  agent	  operationalization	  
approach	   for	   (iii)	   quantifying	   Swiss	   construction	   stakeholders’	   decision-­‐making	   process,	   (iv)	  
analyzing	   its	   consistency	   with	   their	   behavior	   and	   conceptually	   validating	   the	   decision-­‐making	  
presumptions.	   While	   doing	   so,	   we	   collected	   decision-­‐making	   data,	   based	   on	   the	   analytical	  
hierarchy	  process	  (AHP),	  and	  behavioral	  data	  in	  a	  paper-­‐based	  survey.	  	  
2.1.2	  Analytical	  hierarchy	  process	  (AHP)	  for	  decision-­‐making	  analysis	  
We	  adopted	   the	  multi	   criteria	  decision	  analysis	   (MCDA)	   (Mendoza	  and	  Martins,	  2006)	  method	  
analytical	  hierarchy	  process	  (AHP)	  for	  analyzing	  stakeholders’	  decision-­‐making	  process	  (Knoeri	  et	  
al.,	  2010).	  In	  contrast	  to	  the	  AHP	  proposed	  by	  Saaty	  (1980,	  1990)	  information	  was	  gathered	  from	  
different	  sources	  (i.e.	  literature	  review,	  expert	  interviews	  and	  workshops	  and	  a	  survey).	  	  
First,	  the	  decomposition	  of	  the	  decision-­‐making	  process	  (i.e	  defining	  decision	  goal,	  alternatives	  
and	  criteria)	  was	  done	   in	  a	   literature	  review,	  combined	  with	  14	  expert	   interviews	  according	  to	  
Mieg	   and	   Naef	   (2006)	   (i.e.	   three	   architects,	   two	   structural	   and	   two	   civil	   engineers,	   tree	  
contractors,	  three	  public	  and	  one	  commercial	  awarding	  authority)	  and	  validated	  in	  a	  consensus	  
building	   expert	   workshop	   according	   to	   Susskind	   et	   al.	   (1999).	   Secondly,	   the	   comparative	  
judgments	   of	   the	   different	   alternatives	   and	   criteria	   were	   collected	   in	   a	   survey	   with	   written	  
questionnaires	  according	  to	  Diekmann	  (2007).	  Third,	  the	  final	  AHP	  synthesis	  (i.e.	  synthesis	  of	  the	  
judgments	  to	  an	  overall	  alternative	  preference,	  and	  consistency	  analysis	  of	  the	  judgments)	  was	  
done	  again	  according	  to	  the	  standard	  AHP	  procedure	  (Saaty,	  1980,	  1990).	  	  
2.1.3	  Behavioral	  consistencies	  and	  conceptual	  validation	  
The	  behavioral	  consistency	  analysis	  allows	  one	  to	  assess	  how	  rationally	  stakeholders	  behave	  and	  
the	  conceptual	  validation	  for	  how	  rationally	  they	  make	  their	  decisions.	  
The	  behavioral	  consistency	  was	  analyzed	  by	  comparing	  the	  best	  performing	  alternative	  from	  the	  
decision-­‐making	  process	  with	   the	   reported	  behavior.	  We	  considered	  stakeholders’	  behavior	  as	  
rational	  when	  they	  chose	  the	  best	  performing	  alternative	  from	  their	  decision-­‐making	  processes.	  
This	  did	  not	  necessarily	  mean	  that	  stakeholders	  behaved	  in	  a	  fully	  rational	  fashion	  with	  complete	  
knowledge	   about	   their	   environment	   (Simon,	   1955).	   They	   may	   display	   “bounded	   rationality”,	  
which	  means	  they	  are	  limited	  in	  processing	  the	  information	  used	  in	  the	  decision-­‐making	  process	  
(Kahneman,	   2003,	   Simon,	   1955,	   1979).	   However	   differences	   often	   appeared	   between	   the	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preferred	   alternative	   (i.e.	   intention	   (Ajzen,	   1991))	   and	   behavior,	   caused	   by	   external	   (i.e.	  
contextual	  factors)	  and	  internal	  drivers	  (i.e.	  habit	  and	  psychological	  arousal)	  (Feola	  and	  Binder,	  
2009,	  Triandis,	  1980).	  
The	   conceptual	   validation	   of	   the	   AHP	   assumption	   of	   reflected	   decisions	   according	   to	   Svenson	  
(1979,	   1996),	   where	   decision-­‐makers	   are	   cognizant	   of	   some	   balance	   between	   known	  
alternatives	   and	   decision	   criteria,	  was	   done	  with	   the	   consistency	   analysis	   of	   the	   judgments	   in	  
AHP.	  In	  rationally	  reflected	  decisions	  a	  great	  amount	  of	  cognitive	  effort	  is	  included	  (Jungermann	  
et	  al.,	  1998)	  as	  required	  by	  the	  AHP	  pair-­‐vice	  comparative	  judgments	  (Forman	  and	  Gass,	  2001).	  
We	  therefore	  considered	  the	  consistency	  ratio	  (CR)	  as	  proposed	  by	  Saaty	  (1980)	  as	  a	  measure	  of	  
cognitive	  effort	  in	  the	  decision.	  Therefore,	  stakeholders	  with	  highly	  inconsistent	  judgments	  may	  
process	  decision	  information	  less	  rationally	  and	  use	  simpler	  decision	  heuristics.	  We	  derived	  the	  
consistency	  ratio	  (CR)	  as	  proposed	  by	  Saaty	  (1980)	  by	  comparing	  the	  consistency	  index	  (CI)	  with	  
the	  random	  consistency	   indices	   (RI)	  calculated	  by	  Aquaron	  and	  Moreno-­‐Jimenez	   (2003).	   In	   the	  
standard	   AHP	   procedure	   judgments	   are	   considered	   inconsistent	   with	   a	   CR	   higher	   than	   10%	  
(Saaty,	   1980).	   Due	   to	   the	   predefined	   criteria	   and	   alternatives	   higher	   inconsistencies	   were	  
expected.	  	  
2.1.4	  Survey	  
Sample	  selection:	  A	   random	  sample	  was	  selected	   for	  each	  of	   the	  nine	  stakeholder	  groups.	  We	  
used	  two	  methods	  according	  to	  the	  accessibility	  of	  the	  stakeholder’s	  addresses.	  The	  addresses	  of	  
public	   awarding	   authorities,	   architects,	   contractors,	   structural	   and	   civil	   engineers’	   were	  
randomly	  selected	  one	  by	  one	  from	  the	  official	  Swiss	  telephone	  directory	  in	  the	  case	  study	  area.	  
The	  addresses	  of	  private	  and	  commercial	  awarding	  authorities	  were	  selected	  from	  the	  building	  
permit	  publications	   in	   the	  official	   register	   for	  2006	   in	   selected	   communities.	   The	   communities	  
were	  randomly	  selected	  with	  higher	  probability	  according	  to	  their	  construction	  investment	  (i.e.	  
probability	   proportional	   to	   size	   selection).	   This	   avoided	   hypothetical	   answering	   from	  
stakeholders	  who	  were	  not	  involved	  and	  ensured	  that	  the	  fastest	  developing	  construction	  areas	  
would	  be	  included.	  	  
Questionnaire	  structure:	  The	  questionnaire	  was	  structured	  in	  three	  parts	  as	  follows:	  	  
• First,	  questions	   related	   to	   the	  currently	   finished	  construction	  project	   (i.e.	   investment	   sum,	  
type,	  purpose,	  mode	  of	  construction,	  and	  distance	  to	  residence/office)	  were	  asked.	  	  
• Second,	  stakeholders’	  decision-­‐making	  and	  behavioral	  data	  were	  gathered	   in	  chronological	  
order	  for	  the	  stakeholder	  groups	  with	  several	  decisions.	  Each	  decision	  was	  introduced	  with	  a	  
detailed	  description	  of	  the	  material	  application	  affected,	  the	  alternatives	  available,	  and	  the	  
decision-­‐criteria	   considered.	   Subsequently,	   stakeholders	  were	   asked	   to	  weight	   the	   criteria	  
and	  alternatives	  per	  criterion	  in	  pair-­‐wise	  judgments.	  Following	  each	  decision,	  we	  gathered	  
data	  about	  the	  actual	  behavior	  (i.e.	  decision	  taken).	  	  
• Third,	  socio-­‐demographic	  data	  (i.e.	  age,	  gender,	  education	  and	  income)	  were	  collected.	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Procedure:	  The	  survey	  was	  conducted	  between	  July	  2008	  and	  August	  2009	  in	  two	  studies,	  in	  the	  
German	  and	  French	  parts	  of	  Switzerland,	   respectively.	  The	  questionnaires	  were	   sent	  by	  postal	  
mail	  to	  the	  selected	  addresses.	  Follow-­‐up	  calls	  were	  conducted	  in	  stakeholder	  groups	  with	  low	  
response	   rates.	   Participants	   in	   the	   French	   part	   of	   the	   country	   were	   given	   an	   additional	  
opportunity	   of	   answering	   the	   questionnaire	   online.	   A	   total	   of	   424	   valid	   questionnaires	   were	  
received,	  which	  corresponded	  to	  a	  response	  rate	  of	  about	  11%.	  
2.2	  Case	  study	  	  
2.2.1	  Case	  study	  area	  	  
We	  chose	  the	  four	  cantons,	  Zurich	  (ZH),	  Berne	  (BE),	  Geneva	  (GE),	  and	  Vaud	  (VD)	  as	  case	  study	  
areas	   according	   to	   three	   criteria:	   (i)	   culture,	   (ii)	   rural-­‐urban	   distribution	   and	   (iii)	   construction	  
investment.	   In	  different	  cultural	  and	  rural	  or	  urban	  cantons,	  different	  behavior	  of	  construction	  
stakeholders	  regarding	  RMCM	  was	  hypothesized.	  	  
(i)	  Culture:	  Several	  cultural	  differences	  other	  than	  language	  were	  observed	  between	  the	  German	  
and	   French	   speaking	   parts	   of	   Switzerland.	   For	   example,	   environmental	   issues	   are	   of	   higher	  
concern	  in	  the	  German	  part	  (i.a.	  ZH,	  BE),	  whereas	  the	  French	  part	  (i.a.	  GE,	  VD)	  is	  more	  liberal	  for	  
the	   adhesion	   to	   the	   Europe	   Union	   (Buechi,	   2000).	   Hence,	   we	   expected	   higher	   acceptance	   of	  
RMCM	  in	  the	  German	  part.	  
(ii)	  Rural-­‐urban	  distribution:	  We	  expected	  higher	  usage	  of	  RMCM	  in	  the	  densely	  populated	  urban	  
cantons	   (i.e.	   ZH,	   GE,	   with	   74%	   and	   93%	   urban	   communities	   respectively)	   than	   in	   the	   rural	  
cantons,	   where	   primary	   mineral	   resources	   and	   depositories	   were	   less	   scarce	   and	   secondary	  
mineral	  resources	  were	  less	  abundant	  (i.e.	  BE,	  VD	  with	  78%	  and	  67%	  of	  rural	  communities)	  (Hotz	  
and	  Weibel,	  2005).	  
(iii)	   Construction	   investments:	   we	   ensured	   the	   broadest	   system	   coverage	   by	   considering	   the	  
cantons	   with	   the	  most	   construction	   activities	   (i.e.	   investment	   sums).	   Since	   1987	   countrywide	  
and	  in	  the	  German	  part	  of	  Switzerland,	  the	  largest	  construction	  investments	  have	  been	  made	  in	  
ZH	   and	   BE	   (~	   30%).	   GE	   and	   VD	   had	   the	   highest	   investments	   in	   the	   French-­‐speaking	   part	   of	  
Switzerland,	  although	  nationally	  considerably	  lower	  (~10%)	  than	  ZH	  and	  BE	  (BfS,	  2008a).	  	  
The	  case	  study	  area	  comprised	  43%	  of	  the	  Swiss	  population	  (BfS,	  2008d)	  and	  covered	  39%	  of	  the	  
Swiss	   settlement	   area	   (Hotz	   and	  Weibel,	   2005)	   in	   addition	   to	   the	   aforementioned	   properties	  
attributed	   to	   it.	   Therefore,	   the	   sample	   area	   covered	   about	   40%	   of	   the	   federal	   construction	  
investments,	  inhabitants	  and	  settlement	  area.	  Furthermore,	  the	  selection	  of	  rural	  and	  urban	  as	  
well	   as	   German	   and	   French	   speaking	   cantons	   allowed	   us	   to	   do	   a	   more	   sophisticated	   result	  
extrapolation,	  whenever	  differences	  were	  found.	  
2.2.2	  Swiss	  construction	  stakeholder	  interaction	  chain	  
Knoeri	  et	  al.	  (2010)	  identified	  awarding	  authorities,	  structural	  and	  civil	  engineers,	  architects	  and	  
contractors	   as	   key	   stakeholder	   groups.	   Their	   interaction	  was	  operationalized	   as	   an	   interaction	  
model	  with	  multiple	  involvements	  of	  the	  awarding	  authorities.	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Figure	   1:	  Model	   of	   the	   SE	   stakeholder	   interaction	   chain	   (private	  and	  commercial	  awarding	  authorities)	  
(blue	  boxes	  indicate	  the	  agents,	  light	  green	  boxes	  their	  decisions	  and	  green	  arrows	  the	  interaction)	  (Knoeri	  
et	  al.,	  2010).	  
Figure	  1	  illustrates	  the	  interaction	  chain	  in	  SE.	  Awarding	  authorities	  make	  general	  specifications	  
about	   sustainable	   construction	   in	   the	   initial	  project	   specifications	   (1).	   This	  project	   specification	  
(1)	  is	  forwarded	  to	  the	  structural	  engineers	  by	  the	  architects.	  Subsequently	  structural	  engineers	  
make	   their	   design	   specifications	   (2),	   and	   architects	   recommend	   their	   project	   design	   (3).	   This	  
project	   recommendation	   is	   reviewed	   and	   confirmed	   (4)	   by	   the	   awarding	   authorities,	   and	  
specified	   in	  the	  tender	  documents.	  Contractors	  submit	  their	   tender	   (5)	  among	  which	  awarding	  
authorities	   finally	   select	   the	   preferred	   tender	   (6).	   Please	   see	   Knoeri	   et	   al.	   (2010)	   for	   details.	  
Public	  awarding	  authorities	  specify	  the	  criteria	  for	  the	  tender	  selection	  together	  with	  the	  project	  
confirmation	  as	  they	  are	  required	  to	  do	  in	  government	  procurement.	  	  
In	  CE	  stakeholder	  interaction	  is	  slightly	  different	  from	  SE.	  Most	  projects	  are	  from	  public	  awarding	  
authorities.	  Therefore,	  the	  final	  tender	  selection	  criteria	  are	  predefined	  and	  published	  with	  the	  
project	   confirmation.	   Further,	   civil	   engineers	   make	   the	   design	   specifications	   and	   the	   project	  
design,	  taking	  the	  role	  of	  architects	  and	  structural	  engineers.	  
2.2.3	  Stakeholder	  decision	  alternatives	  
Awarding	  authorities	  had	  the	  option	  of	  making	  a	  general	  sustainable	  construction	  specification	  
(SCS),	  explicitly	  specifying	  RMCM	  or	  making	  no	  specification	  concerning	  sustainable	  construction	  
(NSCS)	   in	  the	  initial	  project	  specification	  (1).	   In	  the	  subsequent	  material	  specific	  decisions	  (2-­‐6),	  
we	   determined	   the	   decision-­‐making	   for	   three	   application	   levels	   in	   each	   construction	   sector.	  
Consequently,	   different	  material	   alternatives	  were	   specified	   for	   each	   application	   according	   to	  
the	   applicable	   laws	   and	   standards.	   The	   recycling	   options	   in	   SE	   were	   primarily	   defined	   by	   the	  
Swiss	  engineers’	  and	  architects’	  association	   (SIA,	  2010),	   the	   federal	  office	   for	   the	  environment	  
(FOEN,	   2006)	   and	   the	   recommendation	   from	   the	   coordination	   office	   for	   federal	   estate	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management	  (KBOB,	  2007).	  The	  Swiss	  association	  of	  road	  and	  transportation	  experts	  (e.g.	  (VSS,	  
1998a))	  set	  the	  standards	  in	  CE.	  	  
For	   SE	   one	   conventional	   material	   alternative	   and	   one	   recycling	   alternative	   were	   defined.	  
According	   to	   the	   experts,	   RMCM	   are	   more	   widely	   accepted	   in	   CE	   than	   in	   SE.	   We	   therefore	  
specified	  an	  additional	   third	  material	  alternative	   for	  CE,	  which	  had	  not	  yet	  been	  accepted	  and	  
gave	   an	   opportunity	   to	   link	   the	   two	   sectors	   by	   using	  waste	  material	   (i.e.	   concrete	   and	  mixed	  
rubble	  aggregates	   (Table	  1))	   from	  SE	   in	  CE.	   In	  addition	  to	  the	  material	  alternatives	  specified	   in	  
Table	   1	   an	   option	   was	   given	   to	   specify	   material	   properties	   rather	   than	   materials.	   This	   gave	  
stakeholders	   the	   option	   to	   pass	   on	   the	   material	   decision	   to	   the	   next	   stakeholder	   in	   the	  
interaction	  chain.	  	  
Table	  1:	  Applications,	  material	  alternatives,	  their	  description	  and	  the	  corresponding	  laws	  and	  standards	  
sector	   application	   material	  alternative	   description	   law/standard	  
St
ru
ct
ur
al
	  e
ng
in
ee
rin
g	   outside	  
concrete	  	  
-­‐	  conventional	  concrete	  	   primary	  material	  aggregates	  (>80%)	  
(FOEN,	  2006,	  
KBOB,	  2007,	  
SIA,	  2010)	  
-­‐	  recycled	  concrete	  B	  	   concrete	  rubble	  aggregates	  (25-­‐100%)	  
inside	  
concrete	  	  
-­‐	  conventional	  concrete	   primary	  material	  aggregates	  (>80%)	  
-­‐	  recycled	  concrete	  M	   mixed	  rubble	  aggregates	  (25-­‐100%)	  
lean	  concrete	  
-­‐	  conventional	  concrete	   primary	  material	  aggregates	  (>80%)	  
-­‐	  recycled	  concrete	  M	   mixed	  rubble	  aggregates	  (25-­‐100%)	  
Ci
vi
l	  e
ng
in
ee
rin
g	  
bonded	  sub	  
base	  
-­‐	  conventional	  gravel-­‐
sand	  
primary	  material	  aggregates	   (VSS,	  1998a)	  
-­‐	  recycled	  gravel-­‐sand	  P	  
road	   demolition	   debris	   aggregates	  
(>95%)	  
(VSS,	  1998e)	  
-­‐	  recycled	  gravel-­‐sand	  A	  
roads	  demolition	  aggregates	  (>80%)	  	  
asphalt	  pavement	  aggregates	  (<20%)	  
(VSS,	  1998b,	  e)	  
unbonded	  sub	  
base	  
-­‐	   conventional	   gravel-­‐
sand	  
primary	  material	  aggregates	   (VSS,	  1998a)	  
-­‐	  recycled	  gravel-­‐sand	  B	  
road	   demolition	   debris	   aggregates	  
(>80%)	  	  
concrete	  rubble	  aggregates	  (<20%)	  
(VSS,	  1998c,	  e)	  
-­‐	  mixed	  rubble	  
aggregates	  
mixed	  rubble	  aggregates(<97%)	   (VSS,	  1998d)	  
lean	  concrete	  
-­‐	  conventional	  concrete	   primary	  material	  aggregates	  (>80%)	   (FOEN,	  2006,	  
KBOB,	  2007,	  
VSS,	  1998c,	  d)	  
-­‐	  recycled	  concrete	  B	  	   concrete	  rubble	  aggregates	  (25-­‐100%)	  
-­‐	  recycled	  concrete	  M	   mixed	  rubble	  aggregates	  (25-­‐100%)	  
2.3	  Sample	  description	  and	  discussion	  
A	   detailed	   sample	   description	   is	   provided	   in	   Appendix	   A	   in	   Table	   A.1	   and	   Table	   A.2.	   In	   the	  
following	  we	   show	   the	   samples	   sizes	   of	   the	   nine	   stakeholder	   groups	   and	   present	   and	   discuss	  
their	   construction	   related	   (i.e.	   project	   size,	   distance	   to	   construction	   site	   and	   construction	  
frequency),	  spatial	  (i.e.	  cantonal	  and	  rural-­‐urban)	  and	  socio-­‐demographic	  characteristics.	  	  
Sample	   size:	   Table	  2	   shows	   the	  sample	   size	  of	  each	  stakeholder	  group	  per	  construction	  sector	  
and	   linguistic	   region.	  Whereas	   the	   sizes	   of	   the	   overall	   Swiss	   sample	   (i.e.	  mean	  of	   46)	   and	   the	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German	  part	  sample	  (i.e.	  mean	  35)	  are	  adequate,	  the	  size	  of	  the	  French	  part	  (i.e.	  mean	  11)	  limits	  
us	  in	  making	  a	  comparison	  between	  the	  cultural	  regions.	  
Table	   2:	   Sample	   size	   in	   the	   different	   construction	   sectors	   (i.e.	   structural	   engineering	   (SE)	   and	   civil	  
engineering	  (CE))	  and	  linguistic	  regions	  of	  Switzerland	  (number	  of	  valid	  questionnaires	  received)	  
stakeholder	  
groups	  
region	  
French	  part	  of	  
Switzerland	  (GE	  +	  VD)	  
German	  part	  of	  
Switzerland	  (ZH	  +	  BE)	  
Swiss	  sample	  
(GE,	  VD,	  ZH,	  BE)	  	  	  
construction	  sector	   SE	   CE	   SE	   CE	   SE	   CE	  
public	  awarding	  authorities	   8	   7	   27	   43	   35	   50	  
private	  	  awarding	  authorities	   15	   	   35	   	   50	   	  
commercial	  awarding	  authorities	   4	   	   37	   	   41	   	  
structural/civil	  engineers	   19	   11	   51	   31	   70	   42	  
contractors	   9	   1	   40	   22	   49	   23	  
architects	   24	   	   30	   	   54	   	  
Project	   size:	  The	  size	  of	   the	  construction	  project	  was	  measured	  as	   the	  sum	   invested.	   In	  SE	   the	  
majority	  (>66%)	  of	  projects	  sums	  in	  the	  sample	  exceeded	  the	  one	  million	  Swiss	  francs	  limit,	  with	  
the	  exception	  of	  the	  private	  awarding	  authorities.	  The	  prerequisite	  of	  having	  built	  with	  mineral	  
construction	  material	   (MCM)	  may	  have	  excluded	  small	  refurbishing	  projects	  without	  MCM	  and	  
therefore	  may	  have	  lead	  to	  larger	  project	  sums	  in	  the	  sample.	  In	  CE,	  where	  most	  projects	  include	  
MCM,	  the	  projects	  were	  slightly	  smaller.	  	  
Distance	   to	   construction	   site:	   The	   distance	   to	   the	   construction	   site	   shows	   that	   stakeholder	  
interaction	  in	  the	  construction	  sector	  happens	  at	  a	  rather	  small	  scale	  (i.e.	  median	  of	  about	  5km).	  
Furthermore,	  a	  clear	  difference	  between	  the	  distances	  to	  the	  construction	  sites	  of	  construction	  
experts	   (i.e.	   architects,	   structural	   and	   civil	   engineers	   and	   contractors)	   (5	   -­‐	   15km)	  and	   those	  of	  
awarding	  authorities	  (0.3	  -­‐	  3	  km)	  was	  observed.	  	  
Construction	   frequency:	   Similar	   to	   the	   distances	   to	   construction	   site,	   construction	   experts	   do	  
significantly	   more	   construction	   projects	   (five	   to	   ten	   projects	   per	   year)	   than	   the	   awarding	  
authorities	  with	   less	   than	  one	  project	  per	  year.	   In	  addition,	   in	  SE	  78%	  of	   the	  private	  awarding	  
authorities	  had	  just	  one	  project	  built	  in	  the	  last	  five	  years,	  in	  contrast	  to	  the	  commercial	  (about	  
one	  project	  per	  year)	  and	  the	  public	  awarding	  authorities	  (two	  to	  three	  projects	  a	  year	  (median).	  
Spatial	  characteristics:	  In	  SE	  the	  stakeholder	  frequencies	  (i.e.	  number	  of	  stakeholders)	  in	  cantons	  
and	  rural	  and	  urban	  communities	  in	  the	  sample	  aligns	  well	  with	  the	  corresponding	  construction	  
activities	  (i.e.	  construction	  investments	  (BfS,	  2008a)).	  In	  CE	  stakeholders	  from	  the	  French	  part	  as	  
well	  as	  from	  rural	  communities	  are	  underrepresented.	  	  
Socio	  demographic	  data:	  The	  socio-­‐demographic	  data	  gathered	  (i.e.	  age,	  gender,	  education	  and	  
income)	  were	  compared	  with	   the	  working	  population	   (BfS,	  2008c,	  d)	  and	   the	  Swiss	  household	  
incomes	  (BfS,	  2008b).	  Construction	  stakeholders	  were	  significantly	  older	  (i.e.	  higher	  frequencies	  
in	   the	  age	  groups	  above	  40)	   than	  the	  working	  population	  with	  the	  exception	  of	  civil	  engineers	  
and	   contractors.	   This	   can	   be	   explained	  by	   the	   large	   investment	   sums	   involved	   in	   construction	  
activities	   where	   mainly	   seniors	   take	   responsibility.	   The	   same	   holds	   true	   for	   education	   and	  
income,	   which	   both	   were	   generally	   higher	   than	   in	   the	   working	   population	   in	   the	   case	   study	  
region.	  As	  expected,	  the	  construction	  business	  is	  still	  “a	  man’s	  world”	  (more	  that	  83%	  male).	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3. Results	  
3.1	  Construction	  stakeholders’	  behavior	  regarding	  RMCM	  
3.1.1	  Stakeholder	  behavior	  in	  structural	  engineering	  (SE)	  
Figure	  2	  shows	  the	  behavioral	   frequencies	  of	  construction	  stakeholders	   in	  SE	  arranged	   in	   their	  
interaction	   chain.	   A	   majority	   of	   the	   private	   awarding	   authorities	   (57%)	   specified	   sustainable	  
construction	   (SCS)	   at	   the	   beginning	   of	   the	   construction	   process	   (1),	   whereas	   RMCM	   was	  
explicitly	   asked	   for	   rather	   seldom	   (8%).	   The	   first	   material	   specific	   decision	   (e.g.	   design	  
specification	   (2)	   of	   structural	   engineers)	   showed	   a	   completely	   different	   picture	   with	   a	   clear	  
dominance	  for	  conventional	  materials	  decreasing	  towards	  low-­‐grade	  applications	  (93-­‐73%).	  The	  
subsequent	   project	   design	   (3)	   from	   the	   architects	   mainly	   followed	   the	   engineers’	  
recommendations	   (86-­‐60%),	   although	   recommending	  more	   the	   property	   specification.	   Private	  
awarding	   authorities	   mainly	   confirmed	   (4)	   the	   architects’	   recommendations	   for	   conventional	  
materials	   (71-­‐63%).	   This	   project	   confirmation	   (4)	   was	   translated	   into	   the	   tender	   documents	  
either	  by	  the	  architect	  or	  the	  structural	  engineer	  and	  sent	  to	  the	  contractors.	  For	  the	  tender	  (5),	  
they	  clearly	  differentiated	  between	   the	  structural	  and	   lean	  concrete	  applications.	  Whereas	   for	  
the	   latter	   equal	   frequencies	   for	   the	   recycling	   (56%)	   and	   the	   conventional	   (44%)	   option	   were	  
observed,	   almost	   exclusively	   (>91%)	   conventional	   materials	   were	   tendered	   for	   the	   former.	  
Private	   awarding	   authorities	   preferred	   mainly	   conventional	   materials	   in	   the	   final	   tender	  
selection	  (6)	  decision	  (93-­‐87%)	  (Figure	  2).	  	  
	  
Figure	   2:	   Behavioral	   frequencies	   in	   structural	   engineering	   (The	   applications	   are	   indicated	   in	   color	   for	  
material	  specific	  decisions	  (e.g.	  2-­‐6)).	  
Public	   awarding	   authorities	  more	   often	   preferred	   the	   recycling	   option,	  with	   less	   conventional	  
material	  in	  the	  project	  confirmation	  (4)	  (59-­‐47%)	  and	  in	  the	  tender	  selection	  (6)	  (81-­‐74%),	  than	  
private	  and	  commercial	  awarding	  authorities.	  Between	  the	  latter,	  no	  significant	  differences	  were	  
found	  in	  all	  three	  of	  their	  decisions	  (1,	  4	  and	  6).	  
3.1.2.	  Stakeholder	  behavior	  in	  civil	  engineering	  (CE)	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Firgure	  3	  shows	  the	  behavioral	  frequencies	  of	  construction	  stakeholders	  in	  CE	  arranged	  in	  their	  
interaction	   chain.	   Stakeholders	   in	   CE	   chose	   the	  RMCM	  option	   in	   about	   one	   third	   of	   the	   cases	  
throughout	  the	  construction	  process,	  with	  the	  exception	  of	  the	  initial	  project	  specification	  (1).	  In	  
addition,	   the	   differentiation	   between	   application	   levels	   and	   different	   recycling	   materials	  
indicated	   the	   knowledge	   and	   experience	   with	   RMCM	   in	   the	   CE	   sector.	   However,	   recycling	  
materials	  from	  SE	  (i.e.	  recycling	  concrete	  B	  and	  mixed	  rubble	  aggregates)	  were	  not	  yet	  accepted	  
nor	  applied	  in	  CE.	  
In	  CE	  public	  awarding	  authorities	  do	  not	  often	  (16%)	  specify	  sustainable	  construction	  in	  general	  
(SCS)	   in	   the	   initial	   project	   specification	   (1).	   Usually	   no	   specifications	   regarding	   sustainable	  
construction	  were	  made	   (64%)	  or	  whenever	   they	  were,	  RMCM	  were	  directly	   requested	   (20%).	  
Civil	  engineers	  recommended	  conventional	  materials	  in	  47-­‐58%	  of	  the	  cases,	  recycling	  materials	  
in	  24-­‐30%	  of	  the	  cases	  (i.e.	  option	  2	  and	  3)	  and	  specify	  properties	  in	  13-­‐29%	  of	  the	  cases	  in	  the	  
project	  design	  decisions	   (2).	   The	  overall	   proportion	  of	   the	   three	  options	   (i.e.	   conventional	   (1),	  
recycling	  (2	  and	  3)	  and	  property	  specification	  (4))	  did	  not	  differ	  much	  among	  the	  applications	  in	  
contrast	  to	  the	  preferred	  type	  of	  recycling	  material,	  which	  clearly	  depended	  on	  the	  application.	  
The	   same	   holds	   true	   for	   the	   project	   confirmation	   (3)	   of	   the	   awarding	   authorities,	   mainly	  
following	   the	   engineers’	   recommendation.	   Civil	   engineers	   forwarded	   the	   received	   project	  
confirmation	   in	   the	   form	  of	   tender	   documents	   to	   the	   contractors.	   The	   contractors’	   tender	   (4)	  
had	  the	  highest	  recycling	  frequencies	  with	  about	  50%	  across	  the	  applications.	  Finally,	  awarding	  
authorities	  demanded	  30-­‐39%	  recycling	  materials	  in	  their	  tender	  selection	  (5)	  (Figure	  3).	  
	  
Figure	   3:	   Behavioral	   frequencies	   in	   civil	   engineering	   (applications	   are	   indicated	   in	   color	   for	   material	  
specific	  decisions	  (e.g.	  2-­‐5)).	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3.2	  Construction	  stakeholders’	  decision	  criteria	  
3.2.1	  Stakeholder	  decision	  criteria	  in	  structural	  engineering	  (SE)	  	  
A	  detailed	  description	  and	  definition	  of	   the	  decision	  criteria	   in	  SE	   is	  provided	   in	  Appendix	  B	   in	  
Table	  B.1.	  In	  SE	  all	  construction	  stakeholders	  considered	  economic	  criteria	  and	  the	  outcomes	  of	  
any	   previous	   decisions	   (e.g.	   specification,	   recommendations)	   in	   each	   of	   their	   decisions.	  
Economic	   criteria	   were	   general	   economic	   aspects,	   expected	   costs,	   marketability	   or	   explicit	  
prices.	   The	   trends	   and	   image	   of	   RMCM	   appeared	   in	   several	   decisions	   as	   a	   criterion,	   though	  
primarily	   at	   the	   beginning	   of	   the	   stakeholder	   interaction	   chain.	   The	   same	   held	   true	   for	   social	  
aspects,	  whereas	  ecological	  aspects	  were	  considered	  throughout	  the	  process.	  Technical	  aspects	  
were	  more	  frequently	  included	  towards	  the	  end	  of	  the	  stakeholder	  interaction	  chain.	  
Private,	   commercial	   and	  public	   awarding	   authorities	   (AA)	   considered	  different	   aspects	   in	   their	  
decisions	  or	  defined	  the	  criteria	  differently.	  Social	  aspects	  for	  private	  and	  public	  AA	  included	  the	  
social	  desirability	  and	  political	  objectives	   for	   the	   latter,	   in	  addition	  to	   image	  and	  trends,	  which	  
were	   considered	   by	   all	   AA	   in	   the	   initial	   project	   specification	   (1).	   Private	   and	   commercial	   AA	  
considered	   technical	   aspects,	  whereas	   only	   private	  AA	   took	   ecological	   aspects	   into	   account	   in	  
the	  project	  confirmation	  (4).	  The	  personal	   image	  of	  RMCM	  was	  a	  criterion	  for	  commercial	  and	  
public	   AA,	   the	   former	   additionally	   included	   marketability	   aspects	   and	   the	   latter	   considered	  
policy	   objectives.	   The	   largest	   differences	   exist	   in	   the	   criteria	   considered	   between	   private	   and	  
commercial	  AA	  on	  the	  one	  hand	  and	  public	  AA	  on	  the	  other	  hand	   in	  the	  final	   tender	  selection	  
(6).	  This	   is	  due	  to	  the	  restriction	  of	  public	  AA	  to	  government	  procurement.	  Thereby	  the	  tender	  
selection	   criteria	   have	   to	   be	   predefined	   and	   communicated.	   In	   addition	   to	   the	   tender	   price,	  
private	   and	   commercial	   AA	   considered	   the	   tender	   documents	   and	   technical	   aspects.	  
Marketability	   was	   solely	   taken	   into	   account	   by	   commercial	   AA.	   Ecological	   aspects	   were	  
considered	  by	  private	  and	  public	  AA,	  with	  the	  private	  AA	  understanding	  the	  general	  ecological	  
performance	   of	   the	   project,	   whereas	   the	   public	   AA	   meaning	   transport	   distances	   and	   the	  
companies’	   ecological	   performance.	   Public	   AA	   also	   specified	   the	   company’s	   quality	  
management,	  company	  and	  staff	  references	  and	  education	  as	  selection	  criteria.	  
3.2.2	  Stakeholder	  decision	  criteria	  in	  civil	  engineering	  (CE)	  
A	  detailed	  description	  and	  definition	  of	   the	  decision	  criteria	   in	  CE	   is	  provided	   in	  Appendix	  B	   in	  
Table	   B.2.	   In	   CE	   stakeholders	   basically	   considered	   the	   same	   criteria	   as	   in	   SE.	   	   However,	  
demolition	  and	  disposal	  costs	  were	   included	   in	  addition	  to	  the	  economic	  considerations	  of	   the	  
construction	   experts	   (i.e.	   engineers	   and	   contractors).	   Technical	   aspects	   had	   already	   been	  
included	   in	   the	   project	   specification	   (1)	   by	   the	   AA.	   Furthermore,	   for	   contractors	   the	   tender	  
selection	  criteria	  were	  a	  criterion,	  as	  most	  projects	  were	  from	  public	  AA.	  Consequently	  public	  AA	  
used	  the	  same	  criteria	  as	  their	  colleagues	  in	  SE	  in	  the	  final	  tender	  selection	  (5).	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3.3	  Construction	  stakeholders’	  decision-­‐criteria	  weights	  
In	  the	  following	  the	  weighted	  criteria	  are	  presented	  as	  the	  mean	  of	  the	  three	  applications,	  as	  no	  
significant	  differences	  were	  found	  in	  the	  criteria	  weighting	  among	  the	  applications.	  
3.3.1	  Stakeholders	  decision	  criteria	  weights	  in	  structural	  engineering	  (SE)	  
Figure	   4	   shows	   the	  mean	   of	   the	   criteria	   weights	   for	   the	   construction	   stakeholder	   interaction	  
chain	   in	   SE.	   The	   interaction	   criterion	   (i.e.	   recommendation	   or	   specification	   from	   previous	  
stakeholder)	   is	   the	  most	   important	   criterion	   in	   each	  material	   specific	   decision	   (3-­‐6),	   with	   the	  
exception	   of	   the	   structural	   engineers’	   design	   specification	   (2),	   which	   is	  mainly	   determined	   by	  
law,	  standards	  and	  experience.	  By	  contrast,	  the	  awarding	  authorities’	  initial	  project	  specification	  
(1)	  weighted	   little	   in	  structural	  engineers’	   (2)	  and	  architects’	   (3)	  decisions,	  as	  already	   indicated	  
by	  the	  behavior.	  
	  
Figure	   4:	   Decision	   criteria	   weights	   in	   SE	   from	   private	   awarding	   authorities,	   structural	   engineers,	  
architects	   and	   contractors	   (mean)	   (Bold/italics	   criteria	   indicate	   significant	   higher	   importance	   for	   the	  
particular	  decision;	   interaction	  criteria	   (e.g.	  engineer	  recommendation	  for	  the	  architects’	  project	  design)	  
are	  indicated	  in	  blue.	  
Private	  awarding	  authorities’	  initial	  project	  specification	  (1)	  was	  mainly	  influenced	  by	  economic	  
(39%)	   and	   ecological	   aspects	   (42%),	   whereas	   social	   aspects	   played	   a	   minor	   role.	   Structural	  
engineers	   primarily	   considered	   laws	   and	   standards	   (30%)	   and	   their	   experience	   (26%)	   in	   their	  
design	  specification	  (2),	  little	  influenced	  by	  the	  awarding	  authorities’	  project	  specification	  (18%).	  
For	   the	   architects’	   project	   design	   (3)	   the	   engineers’	   recommendations	   were	   most	   important	  
(29%)	   followed	   by	   the	   expected	   costs	   (22%)	   and	   aesthetic	   aspects	   (19%);	   the	   project	  
specification	  again	  was	  less	  important	  (14%).	  In	  the	  subsequent	  project	  confirmation	  (4),	  private	  
awarding	   authorities	   relied	   to	   a	   large	   extent	   on	   the	   architects’	   recommendation	   (33%).	  
Furthermore,	   they	   considered	   technical	   aspects	   (25%)	   and	   the	   expected	   costs	   (23%),	  whereas	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ecological	   considerations	   were	   the	   least	   important	   (19%).	   Contractors	   considered	   the	   tender	  
documents	  to	  be	  most	  important	  (35%),	  followed	  by	  economic	  aspects	  (21%),	  technical	  aspects	  
(20%)	   and	   their	   experience	   with	   RMCM	   (24%)	   (5).	   For	   the	   private	   awarding	   authorities’	   final	  
tender	   selection	   (6),	   tender	  price	   (27%)	  and	   technical	   aspects	   (30%)	  were	   the	  deciding	   factors	  
(Figure	  4).	  
Table	  3	  shows	   the	  difference	  of	   the	  awarding	  authorities’	  decision	  criteria	  weighting.	  They	  did	  
not	  differ	  strongly	  in	  the	  criteria	  weights	  for	  their	  project	  specification	  (1),	  whereas	  commercial	  
AA	   gave	   less	   importance	   (29%)	   to	   ecological	   and	  more	   to	   social	   aspects	   (30%).	   In	   the	   project	  
confirmation	  (4)	  though,	  besides	  considering	  different	  criteria,	  AA	  gave	  different	  weights	  to	  the	  
criteria.	  Commercial	  AA	  gave	  most	  weight	  to	  technical	  aspects	  (24%)	  and	  marketability	  (24%)	  in	  
contrast	   to	   the	   private	   AA.	   Public	   AA	   considered	   the	   criteria	   in	   a	   more	   balanced	   fashion,	  
although	  the	  architects’	  project	  recommendation	  (29%)	  and	  the	  expected	  costs	  (28%)	  tended	  to	  
be	  more	   important	   than	   image	   (22%)	   and	   political	   aspects	   (21%).	   Private	   and	   commercial	   AA	  
differed	  most	  from	  the	  public	  AA	  in	  the	  final	  tender	  selection	  (6).	  For	  private	  and	  commercial	  AA	  
tender	   price	   and	   technical	   aspects	   were	   the	   decisive	   criteria.	   Commercial	   AA	   considered	  
marketability	   and	   private	   AA	   ecological	   aspects	   third	   priority.	   Public	   AA	   predefined	   and	  
communicated	  their	  selection	  criteria,	  which	  were	  clearly	  dominated	  by	  the	  tender	  price.	  
Table	   3:	   Decision	   criteria	   weights	   in	   SE	   for	   the	   three	   awarding	   authority	   groups	   and	   their	   decisions	  
(Bold/italics	  criteria	  indicate	  significant	  higher	  importance	  that	  other	  criteria)	  
decision	   decision	  criteria	   Awarding	  authorities	  
private	   commercial	   public	  	  
project	  
specification	  
(1)	  	  
• social	  aspects	   19%	   30%	   26%	  
• economic	  aspects	   39%	   41%	   39%	  
• ecological	  aspects	   42%	   29%	   36%	  
project	  
confirmation	  
(4)	  
• project	  
recommendation	  
33%	   19%	   29%	  
• expected	  costs	   23%	   21%	   28%	  
• technical	  aspects	   25%	   24%	   -­‐	  
• ecological	  aspects	   19%	   12%	   -­‐	  
• marketability	   -­‐	   24%	   -­‐	  
• image	   -­‐	   -­‐	   22%	  
• political	  aspects	   -­‐	   -­‐	   21%	  
tender	  
selection	  (6)	  
• tender	  documents	   21%	   16%	   -­‐	  
• tender	  price	   27%	   29%	   75%	  
• technical	  aspects	   30%	   33%	   -­‐	  
• ecological	  aspects	  	   22%	   -­‐	   2%	  
• marketability	   -­‐	   22%	   -­‐	  
• quality	  management	   -­‐	   -­‐	   10%	  
• company	  references	   -­‐	   -­‐	   10%	  
• staff	  references	   -­‐	   -­‐	   1%	  
• education	   -­‐	   -­‐	   2%	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3.3.2	  Stakeholders’	  decision	  criteria	  weights	  in	  civil	  engineering	  (CE)	  
Figure	   5	   shows	   the	  mean	   of	   the	   criteria	   weights	   for	   the	   construction	   stakeholder	   interaction	  
chain	   in	   CE.	   Civil	   engineers’	   design	   specification	   (2)	   as	   determined	   by	   law	   and	   standards,	  
experience	  and	  economic	  considerations	  stands	  at	  the	  beginning	  of	  a	  decision	  chain,	  whereas	  in	  
the	  subsequent	  decisions	  (3.1,	  4,	  5)	  the	  interaction	  criteria	  were	  most	  important.	  The	  awarding	  
authorities’	   initial	   project	   specification	   (1)	   had	   almost	   no	   impact	   on	   the	   application	   specific	  
project	  design	  decision	  (2).	  	  
In	   the	   initial	   project	   specification	   (1)	   of	   public	   awarding	   authorities,	   technical	   (35%)	   and	  
economic	   aspects	   (27%)	   were	   most	   important,	   whereas	   ecological	   (22%)	   and	   social	   aspects	  
(16%)	  had	  minor	   importance.	  Civil	  engineers	  decided	   in	  the	  project	  design	  (2)	  mainly	  based	  on	  
law	  and	  standards	  (33%),	  expected	  costs	  (26%)	  and	  experience	  (27%).	  The	  project	  specification	  
(14%)	  was	  hardly	  considered	  at	  all.	  The	  public	  awarding	  authorities	  confirmed	  the	  project	  (3.1)	  
by	  considering	  basically	  project	  recommendation	  (32%)	  and	  expected	  costs	  (29%).	  Contractors’	  
tender	  (4)	  was	  generally	  driven	  by	  the	   interaction	  (i.e.	  selection	  criteria	  and	  tender	  documents	  
42%),	  while	  further	  experience	  technical	  and	  economic	  aspects	  were	  involved	  (about	  20%	  each).	  
According	   to	  government	  procurement	   rules,	  public	  awarding	  authorities	  had	   to	  predefine	   the	  
selection	   criteria	   for	   the	   tender	   selection	   (5).	   Thereby	   the	   tender	   price	   (75%)	   dominated	   the	  
decision,	   whereas	   quality	   management	   and	   company	   references	   had	   minor	   influence.	   Staff	  
references,	  education	  and	  ecological	  aspects	  had	  negligible	  influence	  on	  the	  tender	  selection.	  	  
	  
Figure	  5:	  Decision	  criteria	  weights	   in	  civil	  engineering	  from	  public	  awarding	  authorities,	  civil	  engineers	  
and	   contractors	   (mean)	   (Bold/italics	   criteria	   indicate	   significant	   higher	   importance	   for	   the	   particular	  
decision;	  interaction	  criteria	  are	  indicated	  in	  blue.	  	  
3.3.	  Rationality	  of	  behavior	  and	  decision-­‐making	  	  
Behavioral	   consistencies:	   A	   majority	   (74%)	   of	   the	   stakeholders	   behaved	   rationally	   with	  
consistent	   decision-­‐making	   and	  behavior.	   This	   varied	   among	   the	   stakeholder	   groups	   and	   their	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decisions.	  Awarding	  authorities	  were	  less	  consistent	  with	  behavior	  in	  the	  rather	  general	  project	  
specification	   (1)	   decision	   (68%)	   than	   in	   the	   subsequent	   project	   confirmation	   (4)	   (78%).	  While	  
construction	  experts	   in	  SE	   showed	  high	  behavioral	   consistencies	   (84%),	   civil	   engineers’	   and	  CE	  
contractors’	   decisions	   were	   less	   consistent	   with	   their	   behavior	   (63%)	   (Table	   4).	   In	   SE	   for	  
awarding	  authorities’	   final	   tender	  selection	   (6)	  not	  all	  alternatives	  were	  weighted	  per	  criterion	  
(e.g.	  the	  unknown	  tender	  price	  for	  different	  material	  options).	  Therefore,	  it	  was	  not	  possible	  to	  
assess	  the	  best	  performing	  alternative	  and	  subsequently	  the	  behavioral	  consistency.	  
Conceptual	   validation:	   Most	   stakeholders	   made	   rational	   decisions.	   The	   AHP	   presumption	   of	  
carefully	  reflected	  decisions	  was	  generally	  confirmed	  because	  most	  of	  the	  judgments	  were	  made	  
consistently.	   The	  median	   of	   the	   inconsistencies	  was	   about	   24%	   in	   the	   criteria	   and	   17%	   in	   the	  
alternative	   weighting.	   Generally,	   construction	   experts	   (i.e.	   engineers,	   architects	   and	  
constructors)	  made	   slightly	  more	   inconsistent	   judgments	   (i.e.	   30%	   in	   SE	   and	   19%	   in	   CE)	   than	  
awarding	  authorities	  (i.e.	  18%	  in	  SE	  and	  13%	  in	  CE).	  Furthermore,	  CE	  stakeholders	  showed	  less	  
inconsistent	  judgments	  (14%)	  than	  stakeholders	  in	  SE	  (23%)	  (Table	  4).	  	  
Table	   4:	   Judgment	   consistency	   ratios	   (CR)	   and	   behavioral	   consistency	  with	   decision	   per	   construction	  
sector,	  stakeholder	  group	  and	  decision	  ((i)	  only	  criteria	  weighting	  available).	  
se
ct
or
	  
stakeholder	  group	  	  
decision	   judgment	  CR	  [median]	   behavioral	  
consistency	  
[frequency]	  
	  	  	  weighting	  of	  
the	  criteria	  
weighting	  of	  the	  
alternative	  
st
ru
ct
ur
al
	  e
ng
in
ee
rin
g	  
awarding	  authorities	  
project	  specification	  (1)	   0.23	   0.25	   70%	  
project	  confirmation	  (4)	   0.22	   0.09	   78%	  
tender	  selection	  (6)	  (i)	   0.21	   -­‐	   -­‐	  
structural	  engineers	  
architects	  
contractors	  
design	  specifications	  (2)	   0.44	   0.24	   77%	  
project	  design	  (3)	   0.27	   0.12	   84%	  
tender	  (5)	   0.37	   0.34	   90%	  
ci
vi
l	  e
ng
in
ee
rin
g	  
public	  awarding	  
authorities	  
project	  specification	  (1)	   0.18	   0.14	   62%	  
project	  confirmation	  (3.1)	   0.14	   0.04	   75%	  
civil	  engineers	   project	  design	  (2)	   0.25	   0.12	   57%	  
contractors	   tender	  (5)	   0.25	   0.13	   69%	  
3.4	  Regional	  differences	  	  
We	   present	   next	   the	   regional	   differences	   found	   (i.e.	   between	   rural	   and	   urban	   communities,	  
cantons	   and	   the	   regional	   behavioral	   differences).	   Construction	   stakeholders	   tended	   to	   select	  
more	   frequently	   the	   recycling	   material	   option	   in	   communities	   close	   to	   cities.	   This	   behavior	  
varied	   among	   the	   stakeholder	   groups	   and	   the	   construction	   sectors.	   In	   SE,	   only	   awarding	  
authorities	   showed	   a	   clear	   tendency	   for	   recycling	   friendlier	   behavior	   in	   agglomerations	   or	  
central	  city	  communities.	   In	  CE,	  civil	  engineers	  as	  well	  as	  contractors	  preferred	  more	  RMCM	  in	  
agglomeration	   communities	   than	   in	   central	   city	   or	   rural	   communities.	   Regarding	   linguistic	  
regions	  as	  well	  as	  between	  rural	  and	  urban	  cantons,	   individual	  differences	  were	  found,	  but	  no	  
general	  pattern	  was	  observed.	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Regional	  differences	  in	  the	  weighting	  of	  decision	  criteria:	  No	  general	  trend	  between	  regions	  was	  
observed	   regarding	   the	   importance	   of	   stakeholders’	   decision	   criteria.	   Nevertheless,	   regional	  
different	  criteria	  weighting	  was	  found	  for	  some	  stakeholder	  groups	  and	  decisions.	  For	  example,	  
social	   aspects	  were	  more	   important	   in	   SE	   project	   specification	   (1)	   for	   awarding	   authorities	   in	  
rural	  cantons	  than	  in	  urban	  cantons.	  	  
4. Discussion	  
This	  paper	  has	  presented	  construction	  stakeholders’	  behavior	  regarding	  RMCM	  and	  has	  showed	  
how	   different	   criteria	   contribute	   to	   the	   underlying	   decisions	   and	   how	   rational	   construction	  
stakeholders	  make	  their	  decisions	  and	  behave.	  
In	   the	   following	  section,	  we	  will	   first	  discuss	  why	  a	   sustainable	  construction	  specification	  does	  
not	   lead	   to	  RMCM	  recommendation;	   secondly,	  we	  will	  elaborate	  on	   the	  engineers’	   role	  at	   the	  
beginning	   of	   the	   material	   decision	   interaction	   and	   thirdly,	   we	   will	   outline	   how	   rational	  
construction	   stakeholders	   decide	   and	   behave.	   Furthermore	   we	   will	   highlight	   differences	  
between	  the	  construction	  sectors,	  discuss	  the	  potential	  of	  and	  limitations	  to	  the	  approach	  and	  
make	  policy	  recommendations.	  
4.1	  Specifying	  sustainable	  construction	  is	  not	  recommending	  RMCM	  
Most	   awarding	   authorities’	   initial	   specifications	   for	   sustainable	   construction	   are	   of	   little	   to	   no	  
relevance	  for	  their	  own	  and	  construction	  experts’	  subsequent	  material	  decisions	  in	  SE.	  The	  first	  
material	   and	   application	   specific	   decision	   is	   made	   by	   structural	   engineers	   (e.g.	   design	  
specification	  (2))	  and	   is	  the	  reference	  for	  construction	  stakeholders’	  behavior	  regarding	  RMCM	  
in	  SE.	  Consequently,	  almost	  exclusively	   conventional	  materials	  were	  demanded.	  There	  may	  be	  
two	  reasons	  for	  this:	  
A	   first	   reason	   might	   be	   that	   awarding	   authorities	   link	   sustainable	   construction	   primarily	   to	  
energy	   issues.	   This	   is	   suggested	   by	   the	   energy	   focus	   of	   the	   most	   popular	   sustainable	  
construction	   labels	   in	   Switzerland	  MINERGIE	   (AMI,	   2010c),	  with	   over	   15700	   certified	   buildings	  
(AMI,	  2010a).	  Although	  the	  new	  sub-­‐label	  MINERGIE-­‐ECO	  requires	  inter	  alia	  the	  use	  of	  recycling	  
materials,	   it	   is	   not	   yet	   widespread	   and	   the	   relation	   between	   sustainable	   construction	   and	  
recycling	   mineral	   materials	   may	   not	   be	   recognized	   yet	   by	   most	   of	   the	   awarding	   authorities.	  
However,	   an	   increased	   use	   of	   labels	   incorporating	   the	   use	   of	   RMCM	   might	   increase	   the	  
importance	   of	   the	   awarding	   authorities’	   project	   specification	   on	   the	   subsequent	   material	  
decisions.	  
A	  second	  reason	  might	  be	  that	  structural	  engineers	  are	  responsible	  for	  the	  static	  integrity	  of	  the	  
construction.	  The	  high	  repair	  costs	  in	  case	  of	  the	  collapse	  of	  buildings	  because	  of	  miscalculations	  
or	   risk	   seeking	   behavior,	   is	   preventing	   the	   adoption	   of	   new	   technologies	   (Witt,	   1997)	   and	  
increasing	  structural	  engineers’	  adherence	   to	   the	  status	  quo	  by	  continuously	  using	  established	  
(i.e.	  conventional)	  materials.	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4.2	  The	  role	  of	  the	  engineers	  and	  economic	  considerations	  
The	  role	  of	  engineers:	  Construction	  stakeholders’	  material	  decisions	  (i.e.	  all	  decisions	  except	  the	  
initial	  project	  specification)	  are	  influenced	  mainly	  by	  the	  interaction	  with	  earlier	  stakeholders	  in	  
the	   decision	   chain.	   In	   both	   construction	   sectors,	   engineers’	   design	   specifications	   stand	   at	   the	  
beginning	   of	   this	   interaction	   chain	   in	   which	   the	   interaction	   criterion	   always	   weights	   most.	  
Engineers	   are	   mainly	   influenced	   by	   law,	   standards,	   their	   experience	   and	   economic	  
considerations	   in	  CE	  underlining	  their	   responsibility	  as	  highlighted	  under	   Item	  4.1	  above.	  Their	  
reference	  to	  law	  and	  standards	  restricts	  their	  product	  liability	  on	  the	  one	  hand,	  and	  on	  the	  other	  
hand	   the	   great	   importance	   of	   experience	   indicates	   their	   adherence	   to	   the	   status	   quo.	   This	  
confirms	  the	  critical	  roles	  of	  law	  and	  standards	  for	  the	  demand	  of	  RMCM	  as	  found	  by	  Spoerri	  et	  
al.	  (2009).	  
Economic	   considerations:	   Economic	   aspects	   are	   taken	   into	   account	   in	   each	   decision	   about	  
RMCM,	  but	   are	  not	   the	  most	   important	  ones.	   This	   is	   contradictory	   to	   the	  widespread	  opinion	  
that	   the	   cheapest	   technical	   feasible	   option	   will	   be	   applied	   (Uebersax,	   2005).	   However,	   it	   is	  
equally	  well	  recognized	  that	  criteria	  other	  than	  economic	  ones	  (e.g.	  experience	  or	  the	  image	  of	  
RMCM)	  may	  impact	  the	  decision	  whether	  to	  use	  RMCM	  (Moser	  et	  al.,	  2004,	  Spoerri	  et	  al.,	  2009).	  
Regarding	   sustainable	   construction	   in	   general,	   we	   can	   say	   that	   economic	   considerations	   are	  
more	   important	   (i.e.	   awarding	   authorities’	   project	   specification	   in	   SE)	   than	   in	   the	   subsequent	  
material	   specific	   decisions.	   This	   is	   so	   because	   of	   the	   large	   share	   of	   building	   operation	   costs	  
attributable	  to	  energy	  costs,	  and	  the	  short	  pay	  back	  time	  of	  investments	  in	  energy	  measures,	  for	  
example	  in	  insulation,	  as	  shown	  by	  Eberhard	  and	  Martin	  (2003).	  
4.3	  Rational	  decisions	  and	  behavior	  
We	   found	   that	   stakeholders	   make	   their	   decisions	   rationally.	   This	   was	   shown	   by	   reasonably	  
consistent	   judgments	   in	  the	  AHP	  procedure.	  The	   less	  consistent	   judgments	  (inconsistency	  ratio	  
of	  ~20%)	  compared	  with	  the	  accepted	  10%	  in	  the	  AHP	  standard	  procedure	  (Saaty,	  1980)	  can	  be	  
explained	  by	  predefined	  decision	  criteria	  and	  alternatives,	  whereas	  decision-­‐makers	  individually	  
define	   their	   criteria	   and	   alternatives	   in	   AHP	   standard	   procedure.	   That	   is	   to	   say	   that	   most	  
stakeholders	  take	  carefully	  reflected	  decisions	  where	  they	  seek	  a	  cognizant	  balance	  among	  given	  
alternatives	  regarding	  different	  criteria	  (Svenson,	  1979,	  1996),	  which	  is	  a	  requirement	  for	  MCDA	  
approaches	   (Mendoza	   and	   Martins,	   2006).	   Construction	   experts	   with	   slightly	   higher	  
inconsistencies	  may	  violate	  this	  assumption	  by	  using	  simpler	  decision	  heuristics	  (Johnson	  et	  al.,	  
1988,	  Jungermann	  et	  al.,	  1998).	  This	  may	  be	  explained	  by	  the	  fact	  that	  they	  are	  more	  frequently	  
involved	  in	  construction	  than	  awarding	  authorities	  are,	  thus	  leading	  to	  the	  former	  making	  more	  
decisions	  in	  a	  more	  routine	  manner.	  
Most	  stakeholders	   (74%)	  behave	  rationally	  by	  choosing	  the	  preferred	  alternative	  when	  making	  
decisions.	  This	  demonstrates	  the	  usefulness	  of	  the	  decision-­‐making	  quantification	  with	  AHP.	  The	  
results	  show	  that	  even	  for	  the	  stakeholder	  group	  with	  the	  least	  rational	  decision-­‐making	  (i.e.	  SE	  
contractors	   with	   36%	   inconsistency	   in	   their	   judgments)	   the	   consistency	   with	   behavior	   is	   high	  
(90%).	   Thus	   the	   decision-­‐making	   quantified	   with	   AHP	   provides	   a	   good	   model	   for	   mirroring	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behavior.	  Nevertheless,	  this	  approach	  may	  be	  limited	  when	  very	  simple	  decisions	  heuristics	  are	  
used	  or	  stakeholders	  have	  to	  reach	  decisions	  under	  extenuating	  circumstances.	  
4.4	  Construction	  sector	  differences	  	  
The	  main	   differences	   between	   structural	   (SE)	   and	   civil	   engineering	   (CE)	  were	   found	   regarding	  
stakeholders’	   behavior.	   Generally,	   the	   RMCM	   alternatives	   were	   chosen	   more	   frequently	  
throughout	  the	  construction	  process	  in	  CE	  than	  in	  SE.	  This	  confirms	  the	  findings	  from	  Moser	  and	  
Bertschinger	  (2004)	  and	  Spoerri	  et	  al.	  (2009)	  seeing	  a	  broader	  acceptance	  of	  RMCM	  in	  CE.	  Public	  
awarding	  authorities	  are	  the	  exception	  in	  SE.	  They	  act	  as	  role	  models	  considering	  RMCM	  almost	  
as	   often	   as	   their	   colleagues	   in	   CE.	   The	   great	   behavioral	   differences	   between	   the	   construction	  
sectors	  arise	  from	  construction	  experts’	  recommendations.	  In	  CE	  construction	  experts	  frequently	  
recommended	   RMCM	   (>40%)	   whereas	   in	   SE	   RMCM	   is	   seldom	   recommended	   (<16%)	   by	   the	  
experts.	  Furthermore,	  the	  clear	  differentiation	  between	  applications	  and	  types	  of	  RMCM	  in	  CE,	  
demonstrated	   the	   knowledge	   penetration	   in	   this	   sector	   in	   contrast	   to	   SE,	   where	   little	  
differentiation	  is	  made.	  
While	   behavior	   strongly	   differs	   between	   the	   sectors,	   the	   influencing	   criteria	   are	   generally	   the	  
same.	  However,	  a	  slightly	  higher	  importance	  of	  economic	  aspects	  in	  CE	  and	  ecological	  aspects	  in	  
SE	  was	  observed.	  This	  may	  be	  explainable	  by	  the	  fact	  that	  the	  economic	  advantages	  of	  RMCM	  
are	  larger	  in	  CE	  than	  in	  SE,	  due	  more	  unbonded	  applications,	  onsite	  recycling	  and	  consequently	  
decreasing	  disposal	  costs,	  (Moser	  et	  al.,	  2004).	  	  	  
4.5	  Potential	  of	  and	  limitation	  to	  the	  approach	  
Analytical	   hierarchy	   process	   (AHP):	   AHP	   allows	   one	   to	   directly	   address	   decision-­‐making.	   The	  
good	   alignment	   of	   decision-­‐making	   outcome	   and	   behavior	   demonstrates	   the	   potential	   of	   the	  
method.	  In	  addition,	  the	  reasonably	  low	  inconsistencies	  observed	  confirm	  the	  assumption	  of	  the	  
approach.	  However,	  the	  pair-­‐wise	  comparison	  of	  criteria	  and	  alternatives	  per	  criterion	  requires	  a	  
lot	   of	   effort	   to	   filling	   in	   the	   questionnaire.	   This	  may	   have	   lead	   to	   higher	   drop-­‐out	   and	   lower	  
response	  rates	  than	  those	  achieved	  in	  behavioral	  reporting	  studies.	  	  
Sample:	  Sustainable	   construction	   friendly	   stakeholders	  may	  be	   slightly	   overrepresented	   in	   the	  
sample,	  but	  with	  little	  effect	  on	  the	  final	  behavior	  regarding	  the	  demand	  for	  RMCM.	  The	  share	  of	  
awarding	   authorities	   specifying	   sustainable	   construction	   in	   the	   sample	   (>50%	   for	   SE)	   is	   rather	  
high,	   compared	  with	   that	   in	   the	  MINERGIE	  market,	   i.e.	   a	   share	  of	   about	  16%	   in	  2008	   for	  new	  
residential	  buildings	  (AMI,	  2010b,	  BfS,	  2008a).	  Although	  the	  construction	  stakeholders’	  general	  
acceptance	  of	  sustainable	  construction	  is	  doubtless	  higher	  than	  the	  share	  of	  the	  major	  label,	  the	  
real	  number	  may	   lie	  between	   the	   two.	  On	   the	  other	  hand,	   the	  comparison	  of	   the	   final	   tender	  
selection	   decision	   (i.e.	   ~90%	   conventional	   material	   in	   SE)	   with	   the	   88%	   found	   by	  Moser	   and	  
Bertschinger	  (2004)	  shows	  the	  plausibility	  of	  the	  results.	  	  
Regional	  differences:	  The	  trend	  of	  recycling	  friendlier	  behavior	  found	  in	  urban	  regions	  accurately	  
reflects	  experts’	  experience	  (Moser	  et	  al.,	  2004).	  The	  small	  sample	  sizes	  in	  the	  French-­‐speaking	  
part	  of	  Switzerland	  may	  limit	  the	  regional	  comparative	  analysis.	  Therefore,	  a	  cautious	  appraisal	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of	   the	  absence	  of	  behavioral	  and	  decision-­‐making	  differences	  between	  the	   linguistic	   regions	   is	  
required.	  	  
4.6	  Policy	  recommendation	  
Key	  policy	  recommendations	  emerging	  from	  the	  study	  are:	  (i)	  The	  information	  and	  education	  of	  
construction	  experts	  is	  clearly	  the	  best	  point	  of	  leverage	  for	  fostering	  the	  demand	  for	  RMCM,	  as	  
already	   has	   been	   proposed	   by	   Spoerri	   et	   al.	   (2009).	   In	   particular,	   structural	   engineers	   and	  
architects	   in	   SE	  have	   to	  be	  addressed	  as	  parties	   involved	   in	   the	  design	  process.	   Engineers,	   for	  
example,	   decide	   to	   a	   large	   extent	   based	   on	   laws	   and	   standards	   when	   recommending	  mainly	  
conventional	  materials	  in	  their	  decisive	  design	  specifications.	  This	  observation	  suggests	  that	  law	  
(FOEN,	  2006)	  and	  standards	  (KBOB,	  2007,	  SIA,	  2010,	  VSS,	  1998a)	  governing	  the	  use	  of	  RMCM	  are	  
not	  yet	  widely	  recognized	  by	  construction	  experts,	  although	  they	  recently	  entered	  into	  force.	  We	  
therefore	   recommend	   strengthening	   efforts	   to	   inform	   stakeholders	   about	   the	   new	   law	   and	  
standards	   in	   combination	  with	   the	  distribution	  of	   reports	  about	   reference	  buildings,	  aiming	   to	  
increase	   engineers’	   experience	   with	   RMCM,	   which	   is	   the	   second	   decisive	   parameter.	   (ii)	   The	  
path	   taken	   to	   increase	   awarding	   authorities’	   sustainable	   construction	   acceptance	   via	   labeling	  
seems	  to	  have	  been	  successful,	  as	   the	  rates	  of	  growth	   in	  the	  number	  of	  MINERGIE	  certificates	  
indicate	  (AMI,	  2010b).	  An	  increased	  use	  of	  labels	  requiring	  recycling	  materials	  could	  increase	  the	  
importance	   of	   awarding	   authorities’	   initial	   specification	   on	   subsequent	   material	   decisions.	  
Therefore,	   we	   recommend	   fostering	   sustainable	   construction	   labels	   which	   include	   the	   use	   of	  
RMCM	  if	  a	  better	  incorporation	  of	  RMCM	  in	  the	  construction	  process	  is	  desired.	  
5.	  Conclusion	  and	  outlook	  
Our	  analysis	  of	  the	  behavior	  of	  construction	  stakeholders	  has	  confirmed	  that	  they	  mainly	  prefer	  
conventional	  materials,	  although	  this	  finding	  differed	  significantly	  between	  construction	  sectors.	  
Where	   in	   civil	   engineering	   (CE)	   RMCM	  were	   broadly	   accepted	  with	  more	   than	   thirty	   percent,	  
RMCM	   were	   still	   niche	   products	   in	   structural	   engineering	   (SE)	   with	   less	   than	   ten	   percent.	  
Furthermore	  we	  have	  shown	  that	  the	  awarding	  authorities’	  initial	  project	  specification	  had	  little	  
relevance	   to	   the	   subsequent	   material	   specific	   decision.	   It	   was	   the	   engineers’	   design	  
specifications,	  mainly	  influenced	  by	  law,	  standards	  and	  experience,	  which	  stood	  at	  the	  origin	  of	  
these	  material	  specific	  decisions.	  All	  subsequent	  decisions	  in	  the	  chain	  were	  primarily	  influenced	  
by	  the	  interaction	  criteria	  (i.e.	  recommendation	  or	  specification	  from	  the	  previous	  stakeholder).	  
That	   is	  the	  reason	  that	  stakeholders	   involved	   later	   in	  the	  chain	  usually	  followed	  the	  engineers’	  
recommendation.	   Furthermore	   construction	   stakeholders	   usually	   decided	   rationally	   (i.e.	  make	  
consistent	  judgments	  in	  the	  AHP)	  and	  behave	  rationally	  (i.e.	  good	  alignment	  of	  decision-­‐making	  
outcome	  with	  behavior).	  
For	   further	   research	   on	   scenario	   development	   about	   the	   future	   demand	   for	   RMCM,	   one	  
promising	  route	  might	  be	  to	  model	  the	  interaction	  of	  construction	  stakeholders	  as	  indicated	  by	  
the	   importance	   of	   the	   interaction	   criteria.	   In	   addition,	   the	   heterogeneity	   of	   the	   stakeholder	  
groups	   needs	   to	   be	   addressed,	   although	  most	   of	   the	   decision	   parameters	   show	   clear	   trends.	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Stakeholders	   with	   completely	   different	   decision	   preferences	   do	   exist,	   making	   it	   important	   to	  
know	  who	   is	   interacting	  with	  whom,	  when	  and	  where.	  A	  bottom-­‐up	  simulation	  method	  that	   is	  
able	   to	   capture	   the	   interaction	   complexity	   would	   be	   a	   promising	   means	   to	   assess	   the	  
sustainability	  of	  future	  RMCM	  development.	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Appendix	  A:	  Sample	  description	  
Table	  A.1:	  Sample	  description	  structural	  engineering	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Table	  A.2:	  Sample	  description	  civil	  engineering	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Appendix	  B:	  Decision	  criteria	  description	  
Table	   B.1:	   Stakeholders’	   decision	   criteria	   in	   SE	   (1	   private,	   2	   commercial,	   3	   public	   indicate	   criteria	   and	  
descriptive	   properties	   appearing	   only	   for	   the	   particular	   awarding	   authority	   group.	   Sustainable	  
construction	   (SC);	   Decision	   criteria	   are	   listed	   and	   described	   according	   to	   the	   chronological	   decision	  
interaction.)	  
stakeholder	   decision	   decision	  criteria	   description	  
awarding	  
authorities	  
project	  	  
specification	  (1)	  
• social	  aspects	  
trends,	  image,	  social	  desirability	  1,3	  ,	  political	  objectives	  3	  
regarding	  SC	  and	  RMCM	  
• economic	  aspects	  
expected	  investment	  and	  operation	  costs	  and	  allocated	  
budget	  for	  SC	  and	  RMCM	  
• ecological	  aspects	   knowledge	  and	  expectations	  about	  the	  ecological	  
performance	  of	  SC	  and	  RMCM	  	  
structural	  
engineers	  
design	  	  
specification	  (2)	  	  
(engineers’	  
recommendatio
n)	  
• project	  specification	  
project	  specification	  from	  the	  awarding	  authorities	  about	  
SC	  or	  RMCM	  	  
• expected	  costs	   expected	  tender	  price	  of	  RMCM	  and	  conventional	  materials	  
• experience	  	   experience	  with	  conventional	  materials	  and	  RMCM	  
• laws	  and	  standards	   existence	  of	  laws	  and	  standards	  regarding	  the	  usage	  of	  
RMCM	  
architects	   project	  design	  
(3)	  	  
(project	  
recommendatio
n)	  
• project	  specification	  
project	  specification	  from	  the	  awarding	  authorities	  about	  
SC	  or	  RMCM	  
• expected	  costs	   expected	  tender	  price	  of	  RMCM	  and	  conventional	  materials	  
• engineers’	  
recommendation	  
recommendation	  of	  the	  engineers	  regarding	  the	  usage	  of	  
RMCM	  	  
• image	   personal	  image	  of	  RMCM	  
• aesthetical	  aspects	   aesthetical	  performance	  of	  RMCM	  
awarding	  
authorities	  
project	  	  
confirmation	  (4)	  
(basis	  for	  the	  
tender	  
documents)	  
	  	  
• project	  
recommendation	  	  
project	  recommendation	  of	  the	  architects	  regarding	  the	  
usage	  of	  RMCM	  
• expected	  costs	   expected	  tender	  price	  of	  RMCM	  and	  conventional	  materials	  
• technical	  aspects	  1,2	   knowledge	  and	  expectations	  about	  the	  technical	  
performance	  of	  RMCM	  1,2	  
• ecological	  aspects	  1	   knowledge	  and	  expectations	  about	  the	  ecological	  
performance	  of	  RMCM	  1	  
• image	  2,3	   personal	  image	  of	  RMCM	  2,3	  
• marketability	  2	   assessed	  marketability	  of	  buildings	  with	  RMCM	  2	  
• political	  aspects	  3	   political	  objectives	  regarding	  the	  usage	  of	  RMCM	  3	  
contractors	   tender	  (5)	  
(leading	  to	  a	  
submitted	  
tender	  price)	  
• tender	  documents	   material	  specifications	  in	  the	  tender	  documents	  
• economic	  aspects	   raw	  material	  price	  and	  availability	  of	  conventional	  materials	  
and	  RMCM,	  share	  of	  the	  material	  price	  on	  the	  overall	  
tender	  sum	  	  	  
• experience	   experience	  with	  conventional	  materials	  and	  RMCM	  
• technical	  aspects	   technical	  feasibility	  and	  quality	  of	  RMCM,	  existence	  of	  laws	  
and	  standards	  regarding	  the	  usage	  of	  RMCM,	  risk	  
assessment	  and	  liability	  issues	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stakeholder	   decision	   • decision	  criteria	   description	  
awarding	  
authorities	  
tender	  selection	  
(6)	  
• tender	  documents	   materials	  specified	  in	  the	  tender	  documents1,2	  
• tender	  price	  
tender	  price	  of	  tenders	  with	  conventional	  materials	  and	  
RMCM	  
• technical	  aspects	  
knowledge	  and	  expectations	  about	  the	  technical	  
performance	  of	  RMCM	  1,2	  
• ecological	  aspects	  
knowledge	  and	  expectations	  about	  the	  ecological	  
performance	  of	  RMCM	  1	  ,transport	  distances	  3,	  ecological	  
management	  of	  the	  company	  3	  
• marketability	  1	   assessed	  marketability	  of	  buildings	  with	  RMCM	  2	  
• quality	  management	  
3	  	  
quality	  management	  of	  the	  company	  3	  	  
• company	  references	  3	  
references	  and	  experience	  of	  the	  company	  with	  the	  
particular	  type	  of	  project	  3	  
• staff	  references	  3	  	  
knowledge,	  references	  and	  experience	  of	  the	  staff	  with	  the	  
particular	  type	  of	  project	  3	  
• education	  3	   apprenticeship	  position	  offers	  3	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Table	  B.2:	  Stakeholders’	  decision	  criteria	  in	  CE	  (Sustainable	  construction	  (SC);	  Decision	  criteria	  are	  listed	  
and	  described	  according	  to	  the	  chronological	  decision	  interaction.)	  
stakeholder	   decision	   decision	  criteria	   description	  
awarding	  
authorities	  
project	  	  
specification	  (1)	  
• social	  aspects	  
trends,	   image	   and	   social	   desirability,	   political	   objectives	  
regarding	  SC	  and	  RMCM	  
• economic	  aspects	  
expected	   investment	   and	   operation	   costs	   SC	   and	   RMCM,	  
demolition	  and	  disposal	  costs	  in	  the	  project	  
• ecological	  aspects	  
knowledge	   and	   expectations	   about	   the	   ecological	  
performance	  of	  SC	  and	  RMCM	  	  
• technical	  aspects	  	   knowledge	   and	   expectations	   about	   the	   technical	  
performance	  of	  SC	  and	  RMCM	  
civil	  
engineers	  
project	  design	  
(2)	  
(project	  
recommendatio
n)	  
• project	  specification	  
project	   specification	   from	   the	   awarding	   authorities	   about	  
SC	  or	  RMCM	  	  
• expected	  costs	  
expected	   tender	   price	   of	   RMCM	   and	   conventional	  
materials,	  demolition	  and	  disposal	  costs	  in	  the	  project	  
• experience	  	   experience	  with	  conventional	  materials	  and	  RMCM	  
• laws	  and	  standards	   existence	   of	   laws	   and	   standards	   regarding	   the	   usage	   of	  
RMCM	  
awarding	  
authorities	  
project	  	  
confirmation	  (3)	  	  
(basis	  for	  the	  
tender	  
documents)	  
• project	  
recommendation	  	  
project	   recommendation	   of	   the	   engineers	   regarding	   the	  
usage	  of	  RMCM	  
• expected	  costs	   expected	  tender	  price	  of	  RMCM	  and	  conventional	  materials	  
• political	  aspects	   political	  objectives	  regarding	  the	  usage	  of	  RMCM	  
• image	   personal	  image	  of	  RMCM	  
contractors	   tender	  (4)	  
(leading	  to	  a	  
submitted	  
tender	  price)	  
• selection	  criteria	  	  
predefined	  tender	  selection	  criteria	  from	  the	  awarding	  
authorities	  	  
• economic	  aspects	  
raw	  material	  price	  and	  availability	  of	  conventional	  materials	  
and	  RMCM,	  demolition	  and	  disposal	  costs	  in	  the	  project	  
• experience	   experience	  with	  conventional	  materials	  and	  RMCM	  
• technical	  aspects	  
technical	  feasibility	  and	  quality	  of	  RMCM,	  existence	  of	  laws	  
and	   standards	   regarding	   the	   usage	   of	   RMCM,	   risk	  
assessment	  and	  liability	  issues	  
• tender	  documents	  	   material	  specifications	  in	  the	  tender	  documents	  
awarding	  
authorities	  
tender	  
selection	  (5)	   • tender	  price	  
tender	  price	  of	  tenders	  with	  conventional	  materials	  and	  
RMCM	  
• quality	  management	  	   quality	  management	  of	  the	  company	  	  
• company	  references	  
references	  and	  experience	  of	  the	  company	  with	  the	  
particular	  type	  of	  project	  
• staff	  references	  	  
knowledge,	  references	  and	  experience	  of	  the	  staff	  with	  the	  
particular	  type	  of	  project	  
• education	   apprenticeship	  position	  offers	  
• ecological	  aspects	   transport	   distances,	   ecological	   management	   of	   the	  
company	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Publication	  III	  
Enhancing	   recycling	   of	   construction	   materials:	   an	   agent-­‐based	  
model	  with	  empirically	  based	  decision	  parameters	  
Overview	  This	   paper	   exemplifies	   how	   environmental	   innovations	   in	   complex	   socio-­‐technical	  systems	   could	   be	   captured	   with	   empirically	   based	   ABM	   with	   the	   case	   study	   of	   Swiss	  construction	  actors`	  decisions	  towards	  recycling.	  Construction	  stakeholders’	  interaction	  and	  decisions,	   beforehand	   empirically	   operationalized	   with	   the	   agent	   operationalization	  approach,	   were	   implemented	   aiming	   at	   a	   realistic	   representation	   of	   demand	   for	  construction	  materials.	  Key	   factors	   affecting	   the	  demand	  were	   analysed	   and	   scenarios	   for	  aligning	  potential	   supply	  and	  demand	  developed.	  This	   example	  demonstrates	   the	  value	  of	  empirically	   operationalized	   agent	   architectures	   on	   one	   hand,	   but	   also	   highlights	   the	  importance	  of	  an	  iterative	  model	  development.	  	  
Main	  findings	  
• Realistic	  demand	  representation:	  Most	  realistic	  demand	  representation	  was	  reached	  when	  option	  awareness	  was	  included	  in	  addition	  to	  the	  actual	  empirical	  based	  multi-­‐criteria	  decision	  represented	  as	  discrete	  choices.	  
• Key	   factors	   affecting	   the	   demand:	   The	   fraction	   of	   recycling	   materials	   applied	   was	  most	  sensitive	  to	  stakeholders`	  awareness	  of	  such	  materials	  as	  an	  option.	  In	  particular	  the	  architects	  and	  engineers	  reaction	  to	  previous	  decisions	  in	  the	  agent	  interaction	  chain	  was	  a	  key	   factor.	   Further,	   the	  demand	   showed	  price	   elasticity	   only	   in	   a	   particular	   range	   around	  current	  prices,	  as	  a	  matter	  of	  fact	  of	  construction	  stakeholders’	  multi	  criteria	  decisions.	  
• Policy	  recommendations:	  The	  most	  effective	  interventions	  for	  a	  transition	  towards	  a	  closed-­‐loop	  recycling	  are	  extensive	   information	  campaigns	  combined	  with	  small	  economic	  incentives	   leading	   up	   to	   70%	   demand	   for	   RC	   of	   all	   demand	   for	   concrete.	   However,	   a	  complete	   reuse,	   in	   particular	   of	   the	   large	   amounts	   of	  mixed	   rubble,	  might	   require	   higher	  aggregates	  substitution	  rates	  as	  the	  current	  40%,	  or	  further	  making	  RC	  to	  the	  mainstream	  type	  of	  concrete	  applied.	  
Relevance	  for	  the	  doctoral	  thesis	  This	  study	  contributed	  to	  the	  thesis	  in	  three	  ways;	  (i)	  by	  exemplifying	  the	  application	  of	  the	  agent	  operationalization	  approach	  developed,	  (ii)	  analysing	  the	  key	  factor	  affecting	  the	  demand	  for	  RMCM,	  and	  (iii)	  modelling	  the	  supply	  and	  demand	  related	  to	  different	  scenarios	  relevant	  for	  the	  synthesis.	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Abstract	  	  
Recycling	  of	  construction	  material	  is	  a	  valuable	  option	  for	  minimizing	  construction	  &	  demolition	  
waste	  streams	  to	   landfills	  and	  mitigating	  primary	  mineral	  resource	  depletion.	  Material	   flows	   in	  
the	   construction	   sector	   are	   governed	   by	   a	   complex	   socio-­‐technical	   system	   in	  which	   awarding	  
authorities	   decide	   in	   interaction	   with	   other	   actors	   on	   the	   use	   of	   construction	   materials.	  
Currently,	  construction	  &	  demolition	  waste	   is	  still	  mainly	  deposited	   in	   landfills,	  as	  construction	  
actors	   lack	  the	  necessary	   information	  and	  training	  regarding	  the	  use	  of	  recycled	  materials,	  and	  
as	  a	  result	  have	  low	  levels	  of	  acceptance	  for	  them.	  This	  paper	  presents	  an	  agent-­‐based	  model	  of	  
the	  Swiss	  recycled	  construction	  material	  market	  based	  on	  empirical	  data	  derived	  from	  the	  agent	  
operationalization	   approach.	   It	   elaborates	   on	   how	   recycling	   of	   construction	   materials	   can	   be	  
enhanced	  by	  analysing	  key	  factors	  affecting	  the	  demand	  for	  recycled	  construction	  materials	  and	  
developing	   scenarios	   towards	   a	   sustainable	   construction	   waste	   management.	   Doing	   so	   it	  
demonstrates	   how	   detailed	   empirical	   agent	   decision	   data	   were	   incrementally	   included	   in	   the	  
ABM	  model.	  Raising	  construction	  actors’	  awareness	  of	  recycled	  materials	  as	  a	  decision	  option,	  in	  
combination	  with	   small	   price	   incentives	  was	  most	   effective	   for	   enhancing	   the	   use	   of	   recycled	  
materials.	   This	   could	   lead	   to	   a	   50%	   reduction	   of	   construction	  &	   demolition	  waste	   streams	   to	  
landfills,	   and	   significantly	   reduce	   the	   environmental	   impacts	   related	   to	   concrete	   applications.	  
From	  a	  methodological	  perspective,	  although	  the	  agent	  operationalization	  approach	  provides	  a	  
large	   empirical	   foundation,	   incremental	   model	   development	   turned	   out	   to	   be	   particularly	  
important	  for	  the	  traceability	  of	  results	  and	  a	  realistic	  system	  representation.	  	  
Keywords:	  Empirical	  based	  modelling,	  socio-­‐technical	  system,	  sustainable	  resource	  
management,	  multi	  criteria	  decision-­‐making,	  agent	  operationalization	  approach,	  agent-­‐based	  
modelling	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1. Introduction	  
Construction	  &	  demolition	  waste,	  already	  being	  the	  largest	  waste	  fraction	  by	  mass	  (up	  to	  50%)	  in	  
industrialised	   countries,	   is	   expected	   to	   further	   increase	   in	   the	   future	   (Schachermayer	   et	   al.	  
2000).	  Recycling	  mineral	  construction	  materials	  has	  been	  seen	  as	  a	  valuable	  option,	  not	  only	  for	  
minimising	  construction	  &	  demolition	  waste	  streams	  to	  landfills,	  but	  also	  for	  mitigating	  primary	  
mineral	   resource	   depletion	   (Bergsdal	   et	   al.	   2007;	  Hashimoto	   et	   al.	   2007).	   In	   addition,	   there	   is	  
potential	   for	  mitigating	   the	  environmental	   impacts	  along	   the	   life-­‐cycle	  of	  mineral	   construction	  
materials	   (Knoeri	   et	   al.	   2013;	  Marinkovic	   et	   al.	   2010).	   However,	   due	   to	   a	   lack	   of	   construction	  
actors`	  acceptance	  of	  recycled	  materials,	   information	  and	  training	  (Knoeri	  et	  al.	  2011b;	  Spoerri	  
et	  al.	  2009),	  recycled	  mineral	  construction	  materials	  are	  still	  deposited	  or	  down-­‐cycled	  (Moser	  et	  
al.	   2004;	   Tam	   &	   Tam	   2006),	   even	   though	   technical	   approval	   and	   standards	   for	   higher-­‐grade	  
applications	   exist	   (Hoffmann	   &	   Leemann	   2006;	   SIA	   2010).	   Thus	   a	   transition	   from	   material	  
through-­‐put	  to	  closed-­‐loop	  recycling	  is	  required	  in	  construction	  materials	  management	  (Weil	  et	  
al.	  2006).	  	  
Material	   flows	   in	   the	   construction	   sector	   are	   steered	   by	   a	   complex	   socio-­‐technical	   system	   in	  
which	   awarding	   authorities	   decide	   through	   interaction	   with	   other	   actors	   such	   as	   engineers,	  
architects	   and	   contractors	   (Knoeri	   et	   al.	   2011a)	   on	   the	  use	   -­‐	   and	   thereby	  on	   the	  demand	   -­‐	   of	  
construction	  materials.	   In	   the	   Swiss	   case	   study	   heterogeneous	   construction	   actors	   take	  multi	  
criteria	   decisions,	   assigning	   high	   weights	   to	   the	   interaction	   criterion	   (i.e.	   specification	   and	  
recommendations	   from	   other	   actors).	   Furthermore	   they	   select	   each	   other	   for	   project	  
collaboration	  based	  on	  personal	  contact,	  references,	  reputation	  and	  economic	  factors	  (Knoeri,	  et	  
al.	   2011b).	   In	   contrast	   to	   these	   findings,	   previous	   studies	   modelling	   actor	   behaviour	   in	   the	  
construction	  sector	  have	  been	  mainly	  end-­‐user	  centred	  and	  rarely	  include	  system	  designers	  and	  
sellers,	  installers	  and	  fitters	  of	  certain	  technological	  option	  as	  autonomous	  agents	  (Sopha	  et	  al.	  
2011).	   Thus	   the	   effect	   of	   interacting	   actors	   on	   the	   adaptation	   of	   a	   particular	   material	   or	  
technology	  option	  is	  yet	  unclear.	  
Agent-­‐based	   modelling	   (ABM)	   is	   increasingly	   becoming	   a	   standard	   tool	   for	   analysing	   and	  
modelling	   transitions	   in	   complex	   socio-­‐ecological	   (Grimm	  &	  Railsback	  2005;	   Janssen	  &	  Ostrom	  
2005)	  and	  socio-­‐technical	  systems	  (Bergman	  et	  al.	  2008;	  Chappin	  &	  Dijkema	  2010;	  Haxeltine	  et	  
al.	   2008;	   Schwarz	   &	   Ernst	   2009).	   This	   is	   due	   to	   ABMs`	   ability	   to	   capture	   the	   effects	   of	   the	  
interactions	   between	   heterogeneous	   individuals	   and	   networks	   on	   the	   system	   (Garcia	   2005;	  
Rahmandad	   &	   Sterman	   2008).	   Most	   of	   the	   previous	   ABM	   studies	   analysing	   socio-­‐technical	  
system	   transitions	   are	   energy	   focussed.	   They	   study	   either	   consumer	   goods	   such	   as	   lighting	  
(Axtell	   et	   al.	   2001),	   or	   household	   energy	   generation	   and	   transformation	   such	   as	   photovoltaic	  
systems	   (Ramanath	  &	  Gilbert	  2004),	  domestic	  micro-­‐cogeneration	   (Polhill	   et	  al.	  2008),	  heating	  
systems	  (Svenson	  1990),	  bio-­‐electricity	  (Davis	  et	  al.	  2010),	  and	  occupancy	  behaviour	  (Andrews	  et	  
al.	   2011).	   Just	   recently,	   ABM	  has	   started	   to	   be	   used	   to	   explicitly	   address	   sustainable	  material	  
flow	   management,	   (e.g.	   Bollinger	   at	   al.	   (2011))	   and	   showed	   its	   potential	   to	   enhance	   the	  
understanding	   of	   drivers	   behind	   material	   flows	   and	   recycling	   schemes.	   Despite	   this	   large	  
potential	  of	  ABM,	  its’	  effectiveness	  in	  solving	  problems	  more	  relevant	  to	  the	  real	  world	  (Louie	  &	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Carley	   2008;	   Parker	   et	   al.	   2003)	   and	   its	   empirical	   foundation	   has	   been	  questioned	   (Janssen	  &	  
Ostrom	  2006).	  	  
This	   paper	   presents	   an	   agent-­‐based	   model	   of	   Swiss	   construction	   actor’s	   decisions	   and	  
interactions	   on	   the	   use	   of	   recycled	   materials.	   It	   aims	   to	   elaborate	   on	   how	   recycling	   of	  
construction	   materials	   can	   be	   enhanced	   by	   analysing	   key	   factors	   affecting	   the	   demand	   for	  
construction	  materials	   and	  developing	   scenarios	   leading	   to	  a	  maximal	   reuse	  of	   construction	  &	  
demolition	   waste	   streams.	   Doing	   so	   it	   demonstrates	   how	   the	   empirical	   data	   on	   construction	  
stakeholder	  decisions	  presented	  in	  Knoeri	  et	  al.	  (2011b),	  which	  were	  derived	  through	  the	  agent	  
operationalization	  approach	  proposed	  in	  Knoeri	  et	  al.	  (2011a),	  can	  be	  incrementally	  included	  in	  
the	   model	   development.	   The	   materials	   and	   methods	   section	   outlines	   the	   procedure	   of	  
incrementally	   including	  empirical	   agent	  data	   in	   the	  model	  development	  and	   fully	   specifies	   the	  
final	  model.	  Subsequently	  the	  results	  from	  the	  model	  simulations	  are	  presented	  and	  discussed,	  
and	  synthesised	  in	  a	  final	  conclusion.	  
2. Materials	  and	  methods	  
2.1 Model	  development	  
2.1.1 Empirical	  agent	  operationalization	  	  
Two	  general	  procedures	  for	  the	  model	  development	  in	  the	  case	  study	  were	  discussed:	  (i)	  match	  
observed	   system	   level	   demand	   patterns	   of	   recycled	   materials	   with	   theoretical	   based	   agent	  
decisions,	   or	   (ii)	   empirically	   determine	   the	   decision-­‐making	   of	   construction	   agents	   and	  
implement	   the	   observed	   decision	   traits.	   On	   the	   system	   level	   the	   only	   accurate	   demand	   data	  
point	   was	   a	   simple	   recycling	   rate,	   while	   estimates	   of	   its	   historical	   development	   and	   spatial	  
pattern	   where	   rather	   vague	   (Moser,	   et	   al.	   2004).	   Therefore	   empirically	   basing	   the	   model	   on	  
agents’	   decision-­‐making	   and	   behaviour	   was	   the	   more	   promising	   way	   forward.	   The	   agent	  
operationalization	   approach	   provides	   a	   step-­‐wise	   procedure	   to	   empirically	   select	   the	   relevant	  
agents	   affecting	   the	   problem	   addressed,	   determine	   their	   interactions,	   analyse	   their	   decision-­‐
making	   process	   including	   its	   determinants,	   and	   test	   how	   consistent	   decision	   preferences	  
(intention)	  and	  behaviour	  are	  (Knoeri,	  et	  al.	  2011a).	  A	  detailed	  empirical	  analysis	  of	  construction	  
actors’	   interaction,	   behaviour	   and	   decision-­‐making	   processes	   is	   presented	   in	   Knoeri	   et	   al.	  
(2011b).	  	  
2.1.2 Concepts	  and	  traits	  included	  throughout	  the	  model	  development	  	  
Having	   extensive	   empirical	   data	   about	   agents`	   decision-­‐making	   processes,	   and	   behaviour	   at	  
hand,	  raises	  the	  question	  of	  what	  level	  of	  detail	  of	  this	  data	  should	  be	  implemented	  in	  an	  agent-­‐
based	  model.	  For	  example,	  one	  could	  simply	  implement	  the	  probabilistic	  behaviour	  of	  agents	  or	  
their	  multi-­‐criteria	  decision-­‐making	   leading	   to	   that	  behaviour.	  Therefore	  we	  analysed	  at	  which	  
level	   of	   detail	   agents’	   decision-­‐making	   traits	   lead	   to	   a	   realistic	   demand	   representation	   at	   the	  
system	  level.	  Besides	  the	  agents’	  decisions	  traits	  other	  concepts	  such	  as,	  how	  agents	  select	  each	  
other,	  how	  they	  learn,	  as	  well	  as	  how	  the	  technical	  environment	  is	  represented	  might	  influence	  
a	  realistic	  demand	  representation.	  Therefore,	  we	  elaborate	  on	  the	  inclusion	  of	  empirical	  based	  
decision	  parameters	  in	  view	  of	  these	  other	  aspects	  of	  model	  development.	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Following	  the	  model	  development	  cycle	  (e.g.	  Grimm	  &	  Railsback	  (2005),	  and	  Sargent	  (2008))	  we	  
iteratively	   added	   or	   changed	   the	   decision	   traits	   in	   the	   model	   until	   a	   sufficiently	   accurate	  
representation	   of	   the	   about	   11%	   demand	   for	   recycling	  materials	   reported	   (FOEN	   2001,	   2008;	  
Moser,	  et	  al.	  2004)	  was	  reached.	  We	  used	  model	  complexity	  and	  data	  requirements	  as	  general	  
guidelines	  for	  this	  development.	  Doing	  so,	  we	  went	  from	  simple	  to	  more	  complex	  decision	  traits	  
(e.g.	  probabilistic	  to	  multi-­‐criteria	  decisions)	  and	  design	  concepts	  (e.g.	  few	  to	  many	  agents	  and	  
proxy	  to	  explicit	  material	  flows).	  With	  each	  model	  version	  100	  simulation	  experiments	  over	  the	  
interval	   of	   2010-­‐2050	   were	   run,	   and	   the	   distributions	   of	   the	   average	   fraction	   of	   recycling	  
materials	  applied	  was	  recorded.	  
Table	  1:	  Concepts	  and	  decision	  traits	  included	  in	  different	  model	  versions	  and	  development	  phases,	  and	  
fraction	  of	  recycled	  concrete	  applied	  as	  main	  output	  measure	  (cf.	  SI	  Figure	  10)	  
concepts	  &	  
traits	  
phase	   I	   II	   III	  
version	   1.0	   1.1	   1.2	   1.3	   1.4	   1.5	   2.0	   2.1	   2.2	   2.3	   2.4	   2.5	   3.0	   3.1	   3.2	   3.3	   3.4	  
agent	  	  
number	  &	  
type	  
small	  (120)	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   	   	   	   	   	   	   	   	   	   	   	  
large	  (5877)	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
AA	  separation	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
reference	  group	  size	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
decision	  	  
traits	  
random	   ü 	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
empirically	  based	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
fuzzy	   ü 	   ü 	   ü 	   	   ü 	   	   	   	   	   	   	   	   	   	   	   	   	  
discrete	   	   	   	   ü 	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
multi-­‐criteria	   	   	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
option	  	  
availability	  
AA	  options	  awareness	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
react	  to	  prev.	  decisions	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
tender	  if	  available	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   ü 	   ü 	  
limited	  link	  of	  sustainable	  
constr.	  with	  RC	  
	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
	  
ü 	  
agent	  
interaction	  
interaction	  
criteria	  
weights	  
random	   ü 	   ü 	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
empirical	  
based	  
	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
tender	  based	  contractor	  
selection	  
	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
reference	  &	  contact	  
based	  architect	  &	  
engineer	  selection	  
	   	   	   	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
experience	  parameter	  update	   	   	   	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	  
economic	  criteria`	  price	  sensitive	  	   	   	   	   	   	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	  
image	  trend	  sensitive	  	   	   	   	   	   	   	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	  
material	  
availability	  
unrestricted	   ü 	   ü 	   ü 	   ü 	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   	   	   	  
limited	   	   	   	   	   ü 	   ü 	   	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	  
AA	  construction	  probability	  driven	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   	   	   	   	   	  
construction	  investment	  driven	   	   	   	   	   	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	   ü 	  
output	  
measure	  
project	  decision	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   ü 	   	   	   	   	  
explicit	  material	  flows	   	   	   	   	   	   	   	   	   	   	   	   	   	   ü 	   ü 	   ü 	   ü 	  
fraction	   of	   recycled	  
concrete	  applied	  
mean	  [%]	   50	   22	   42	   36	   16	   16	   36	   15	   19	   28	   38	   42	   43	   41	   43	   29	   13	  
StD	  [%]	   4.7	   1.8	   1.6	   16	   0.1	   1.0	   8.6	   3.4	   4.5	   5.2	   6.4	   5.2	   2.9	   3.9	   3.1	   4.0	   2.7	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Table	  1	  shows	  the	  concepts	  and	  decision	  traits	  included	  in	  the	  three	  model	  development	  phases:	  
The	  first	  phase	  aimed	  at	  representing	  the	  construction	  actors’	  interaction	  with	  a	  limited	  number	  
of	   agents	   with	   simple	   probabilistic	   two-­‐criterion	   decisions.	   In	   this	   phase	   the	   impact	   of	   basic	  
concepts	   such	   as	   fuzzy	   or	   discrete	   decisions,	   random	   or	   empirical	   based	   decisions	   and	  
interaction,	  and	   limited	  material	  availability	  were	  tested.	  The	  second	  phase	   focused	  on	  a	  more	  
realistic	   agent	   behaviour	   representation	   through	   introducing	   larger	   agent	   numbers,	   multi-­‐
criteria	  decisions	  and	   limited	  option	  availabilities	  related	  to	  the	  agent	   interaction,	  according	  to	  
the	  empirical	  findings.	  The	  agent	  interaction	  was	  further	  improved	  with	  tender-­‐	  and	  experience-­‐
based	  agent	   selection.	   The	   third	  and	   final	   phase	   aimed	  at	   a	  better	   representation	  of	   the	   case	  
study’s	   systemic	  properties.	  Doing	  so,	  construction	   investments	  were	   introduced	  as	   the	  model	  
driver	   and	   material	   flows	   were	   explicitly	   modelled	   in	   contrast	   to	   the	   first	   two	   phases	   where	  
project	  decisions	  were	  taken	  as	  a	  proxy	  for	  the	  materials	  applied.	  This	  allowed	  not	  only	  a	  limiting	  
of	  the	  availability	  of	  recycling	  materials	  according	  to	  the	  expected	  supply	  of	  construction	  waste	  
aggregates,	   but	   also	   a	   tendering	   process	   that	   is	   dependent	   on	   actual	   materials	   available.	  
Additionally,	  different	  reactions	  of	  construction	  experts	  to	  recommendations	  were	  allowed	  (i.e.	  
consider	   recycling	   concrete	   as	   option	   or	   not	   if	   sustainable	   construction	   was	   specified),	   and	  
specific	  criteria	  values	  such	  as	  image	  and	  expected	  prices	  were	  updated	  according	  to	  trend	  and	  
market	  price.	  	  
2.1.3 Lessons	  learned	  in	  the	  model	  development	  
Phase	  I	  revealed	  three	   lessons	   learned	  guiding	  the	  subsequent	  development	  phases.	  (i)	  Output	  
measure:	   Starting	  with	   random	   decisions	   allowed	   us	   to	   observe	   and	   limit	   potential	  modelling	  
artefacts.	  The	  expected	  random	  outcome	  for	  the	  fraction	  of	  recycled	  concrete	  applied	  was	  a	  first	  
test	   of	   the	   model’s	   structural	   validity.	   Since	   spatial	   demand	   patterns	   emerged	   already	   from	  
these	  simple	  local	  interactions	  (SI	  Figure	  9)	  we	  consequently	  focused	  on	  the	  recycling	  fraction	  as	  
an	  output	  measure	   rather	   than	  on	   spatial	   patterns.	   (ii)	  Fuzzy	   vs.	   discrete	   decisions:	   The	  multi-­‐
criteria	  decision	  analysis	  method	  analytical	  hierarchy	  process	  (AHP)	  used	  in	  this	  study	  delivers	  a	  
normalized	   vector	   containing	   the	   final	   options’	   rating	   (Saaty	   1980).	   While	   the	   mathematical	  
calculation	  leading	  to	  that	  final	  rating	  leaves	  little	  room	  for	  interpretation,	  how	  people	  interpret	  
and	   communicate	   their	   rating	   does.	   We	   tested	   two	   possible	   interpretations;	   fuzzy	   decision	  
where	  the	  full	  ranking	  is	  communicated	  and	  discrete	  decisions	  where	  only	  the	  best	  performing	  
option	   is	   communicated.	   Fuzzy	  decisions	  blurred	   the	  decision	  outcomes	   in	   single	   projects	   and	  
converged	  towards	  the	  mean	  of	  the	  final	  decision	  on	  the	  system	  level.	  Discrete	  decisions	  on	  the	  
other	  hand	  were	  precise	   in	  the	  individual	  projects	  but	  their	  outcome	  varies	  much	  more	  on	  the	  
system	   level.	   Since	   recommendation	   and	   specifications	   in	   the	   construction	   sector	   have	   been	  
found	  to	  be	  rather	  explicit	  (Knoeri,	  et	  al.	  2011b;	  Ling	  2002)	  we	  continued	  with	  discrete	  decisions.	  
(iii)	   Limiting	   the	   material	   availability	   completely	   dominated	   the	   output	   independently	   of	   the	  
decision	  traits	  implemented	  (cf.	  version	  1.4	  and	  1.5).	  Analysing	  the	  impact	  of	  different	  decision	  
implementations	  on	  limiting	  material	  availability	  was	  thus	  postponed	  to	  the	  third	  development	  
phase,	  where	  real	  material	  flows	  were	  considered.	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Phase	  II	  unveiled	  the	  impact	  of	  scale,	  option	  awareness,	  and	  inclusion	  of	  more	  empirical	  data.	  (i)	  
Increasing	   agent	   numbers	   and	   scale	   reduced	   the	   outcome	   variability,	   limiting	   the	   effect	   of	   a	  
single	   agent	   (cf.	   version	   1.3	   vs.	   2.0).	   Due	   to	   runtime	   restrictions,	   but	   also	   because	   sufficient	  
accuracy	  was	   reached,	   the	  model	   to	   reality	   relation	  was	   kept	   as	   1:100.	   Bollinger	   et	   al.	   (2011)	  
demonstrated	   a	   1	   to	   1	   representation	   by	   modelling	   the	   metal	   fate	   in	   mobile	   phones.	   What	  
additional	   insights	   such	  1	   to	  1	   representation	  capturing	  every	   single	  project	   in	   this	   case	  might	  
provide	   and	   how	   they	   relate	   to	   the	   additional	   simulation	   and	   data	   analysis	   effort	   is	   open	   for	  
future	   research.	   (ii)	   Option	   awareness:	   Up	   to	  model	   version	   2.0,	   each	   decision	   assumed	   that	  
besides	  the	  conventional	  materials	  the	  recycled	  option	  was	  a	  known	  option.	  This	  is,	  at	  least	  for	  
the	   case	   study,	   considered	   far	   from	   reality	   (Spoerri,	   et	   al.	   2009).	   Awarding	   authorities	   for	  
example	  only	  consider	  sustainable	  construction	  as	  an	  option	  at	  the	  beginning	  of	  the	  construction	  
process	  in	  about	  50%	  of	  cases	  (Knoeri,	  et	  al.	  2011b).	  Thus	  from	  model	  versions	  2.1	  onwards	  the	  
availability	   of	   the	   recycling	   decision	   option	   was	   limited	   based	   on	   personal	   awareness.	   This	  
turned	  out	   to	  be	   the	  key	   step	   in	   the	  model	  development,	   since	   for	   the	   first	   time	  a	   somewhat	  
realistic	   demand	   for	   recycling	   materials	   emerged.	   (iii)	   Empirical	   based	   decisions:	   throughout	  
phase	  2	  better	  decision	  data	  (i.e.	  multi-­‐criteria	  decision	  data),	  and	  more	  of	  the	  insight	  regarding	  
agent	   interaction	   (e.g.	   contractor,	   architect	   and	   engineer	   selection)	   was	   incorporated.	   In	  
general,	  the	  more	  elaborate	  decisions	  and	  agent	  interaction	  lead	  to	  higher	  demand	  for	  recycled	  
materials,	  trending	  away	  from	  the	  currently	  observed	  demand.	  	  
Phase	   III,	   aiming	  at	  a	  better	   representation	  of	   the	   case	   study,	   included	  explicit	  material	   flows,	  
updating	  of	  image	  and	  economic	  criteria	  according	  to	  system	  variables	  and	  further	  restriction	  on	  
the	   decision	   option	   availability.	   (i)	   Explicit	   material	   flows	   did	   not	   change	   the	   main	   output	  
measure	  much	  (cf.	  version	  3.0	  vs.	  3.1).	  However,	  allowing	  for	  different	  project	  sizes	  and	  limiting	  
the	   materials	   available	   according	   to	   expected	   flows	   of	   construction	   waste	   increased	   the	  
credibility	   of	   the	  model	   in	   discussions	  with	   stakeholders.	   (ii)	   Updating	   image,	   trend	   and	   price	  
criteria	  according	  to	  materials	  applied	  had	  similar	  small	  effects	  on	  the	  demand.	   (iii)	  Restricting	  
the	  availability	  of	  the	  decision	  options	  brought	  the	  fairly	  high	  demand	  levels	  down	  to	  currently	  
observed	   values.	   Enabled	   by	   the	   explicit	   materials	   modelled,	   in	   a	   first	   step	   only	   available	  
recycled	  materials	  could	  be	  offered	  in	  a	  tender	  (cf.	  version	  3.3)	  reducing	  the	  demand	  by	  about	  
one	   third.	   In	   the	   final	   step	   (i.e.	   version	   3.4)	   the	   link	   between	   sustainable	   construction	   and	  
recycled	   concrete	   was	   limited.	   This	   means,	   that	   if	   sustainable	   construction	   was	   specified	   in	  
project	   it	  only	   led	   to	   the	  consideration	  of	   recycling	  concrete	  as	  an	  option	   in	  50%	  of	   the	  cases.	  
Such	   a	   limitation	   was	   not	   only	   recommended	   by	   construction	   experts,	   as	   sustainable	  
construction	   seems	   to	   be	   predominantly	   related	   to	   energy	   issues,	   but	   also	   revealed	   more	  
realistic	  demand	  on	  the	  system	  level.	  
The	   role	   of	   empirically	   based	   decision	   parameters:	   In	   short,	   the	   most	   realistic	   demand	  
representation	  was	  reached	  when	  option	  awareness	  and	  limitation	  was	   included	  in	  addition	  to	  
the	   actual	   empirically	   based	  multi-­‐criteria	   decision	   represented	   as	   discrete	   choices.	   The	   large	  
empirical	   foundation	   for	   agents’	   decision	   and	   behaviour	   had	   not	   only	   an	   impact	   on	   the	   final	  
representation	   of	   the	   model	   but	   already	   on	   the	   model	   development.	   Having	   the	   data	   ready	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might	   tempt	   an	   early	   implementation	   of	   the	   full	   complexity	   of	   agents’	   interaction	   and	  multi-­‐
criteria	  decisions.	  However,	  we	  strongly	  recommend	  an	  incremental	  inclusion	  and	  analysis	  of	  the	  
model	   features.	   This	   unravels	   the	   key	   aspects	   of	   the	  decision	  model	   implemented	   (e.g.	  multi-­‐
criteria	  and	  discrete	  choice)	  as	  well	  as	  neglected	  aspects	  such	  as	  the	  option	  awareness.	  It	  further	  
allows	  for	  tracking	  the	  effect	  of	  each	  additional	  feature	  on	  the	  result	  and	  therefore	  avoiding	  the	  
pitfall	  of	  overly	  complex	  models	  with	  blurred	  explanatory	  power.	  
2.2 Model	  specification	  
The	   model	   description	   follows	   the	   ODD	   (Overview,	   Design	   concepts,	   Details)	   protocol	   for	  
describing	  agent-­‐based	  models	  (Grimm	  et	  al.	  2006;	  Grimm	  et	  al.	  2010;	  Polhill	  2010).	  The	  purpose	  
of	  the	  model;	  entities,	  state	  variables	  and	  scales	  captured;	  and	  the	  process	  overview	  and	  design	  
concepts	  are	  listed	  below.	  Detailed	  descriptions	  of	  the	  model’s	  initial	  state,	  required	  input	  data,	  
and	  submodel	  processes	  are	  provided	  in	  section	  1.3	  of	  the	  supporting	  information	  (SI).	  	  
2.2.1 Purpose	  of	  the	  model	  
This	  model	  aims	  at	  representing	  the	  decision-­‐making	  and	  behaviour	  of	   interacting	  construction	  
stakeholders	   when	   deciding	   what	   kind	   of	   construction	   material	   to	   apply.	   It	   was	   designed	   to	  
analyse	  key	  factors	  affecting	  the	  demand	  for	  conventional	  materials	  (i.e.	  conventional	  concrete	  
with	   natural	   gravel	   and	   sand	   aggregates)	   or	   recycled	   materials	   (i.e.	   recycled	   concrete	   where	  
natural	  aggregates	  are	  substituted	  to	  a	  certain	  extent	  with	  recycled	  aggregates),	  and	  to	  develop	  
scenarios	   leading	   to	   a	   maximal	   reuse.	   The	   main	   output	   variable	   considered	   is	   therefore	   the	  
fraction	  of	  recycled	  concrete	  applied.	  The	  main	  driver	  of	  the	  model	  is	  construction	  investments	  
broken	  down	  into	  projects	  to	  be	  executed	  by	  construction	  stakeholders.	  	  
2.2.2 Entities,	  state	  variables,	  and	  scales	  	  
Entities	   and	   state	   variables:	   The	   following	   entities	   are	   included	   in	   the	   model:	   agents	  
representing	   construction	   stakeholders	   (i.e.	   awarding	   authorities,	   engineers,	   architects	   and	  
contractors),	   projects,	   grid	   cells	   (i.e.	   virtual	   geographical	   location)	   and	   the	   global	   environment	  
representing	  the	  construction	  market	  (i.e.	  construction	  investments	  and	  materials	  available).	  	  
Awarding	   authorities	   represent	   private	   persons,	   companies,	   or	   public	   authorities	   awarding	  
prime	   building	   contracts,	   for	   different	   purposes	   (e.g.	   personal	   use,	   economic	   reasons,	   public	  
building	   requirements).	  Engineers	   represent	   the	  actors	   responsible	   for	   the	   static	  design	  of	   the	  
concrete	   structure	   in	   buildings;	   architects	   the	   stakeholders	   designing	   and	   supervising	   the	  
construction,	  and	  contractors	  the	  companies	  providing	  the	  concrete	  work.	  All	  agents	  are	  located	  
at	   a	   unique	   location	   and	   hold	   an	   identity	   number,	   construction	   related	   variables,	   such	   as	  
construction	   capacity,	   building	   radius	   and	   experience,	   and	  multi-­‐criteria	   decision	   variables	   for	  
each	   distinct	   decision.	   In	   total,	   5788	   agents	   are	   implemented,	   representing	   the	   statistical	  
distribution	   of	   construction	   stakeholders	   in	   the	   case	   study.	   Projects	   represent	   the	   individual	  
construction	  projects	  on	  which	  these	  agents	  interact.	  Besides	  the	  basic	  project	  variables	  such	  as	  
construction	  year,	  sum,	  investor	  type	  and	  material	  amount	  and	  type	  applied,	  the	  projects	  track	  
the	  agents	   involved	  and	   the	  outcome	  of	  all	   agents’	  decisions.	  Per	  year	  about	  450	  projects	  are	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executed.	  Grid	  cells	   represent	  virtual	  construction	  sites	  of	  30x30m.	  (A	  complete	   list	  of	  entities’	  
state	   variables	   is	   provided	   in	   the	   SI	   Table	   1).	   The	   observer	   or	   global	   environment	   (i.e.	  
construction	  market)	   is	   the	   only	   entity	   on	   the	   system	   level,	   defining	   the	   annual	   construction	  
investments	  and	  the	  potential	  recycling	  aggregates	  supply.	  In	  addition	  it	  holds	  the	  variables	  for	  
demand	   and	   supply	   accounting	   and	   agent	   specific	   parameters	   for	   scenario	   measures	   (a	  
complete	  list	  of	  global	  environment	  state	  variables	  and	  parameters	  is	  provided	  in	  the	  SI	  Table	  2).	  
Model,	   spatial	   and	   temporal	   scales:	   The	   model	   was	   designed	   to	   represent	   individual	  
construction	  projects	  with	  a	  model	  to	  reality	  relation	  of	  1:100	  (in	  terms	  of	  agents	  and	  projects).	  
This	   means	   that	   100	   times	   less	   agents	   are	   represented	   in	   the	   model	   and	   each	   construction	  
project	   is	   100	   times	   larger,	   respectively.	   The	  model	   has	   no	   explicit	   spatial	   relation;	   however,	  
agents	  are	  distributed	  randomly	  across	  a	  virtual	  space	  for	   local	   interaction.	  The	  virtual	  space	  is	  
an	  unwrapped	  square	  (to	  see	  edge	  effects)	  of	  300	  x	  300	  grid	  cells	  theoretically	  representing	  an	  
area	  of	  3x3km.	  Agents’	  building	  radii	  were	  derived	  from	  Knoeri	  et	  al.	  (2011b)	  and	  were	  adjusted	  
to	   the	  model	   scale	   (e.g.	  mean	   building	   radius	   of	   30	   units	   (0.3km)	   for	   commercial	   and	   private	  
awarding	   authorities	   and	   50	   units	   (0.5km)	   for	   public	   awarding	   authorities).	   One	   time	   step	  
represents	  one	  year	  and	  simulations	  were	  run	  for	  40	  years	  (2010-­‐2050)	  for	  material	  flow	  analysis	  
and	  for	  10	  years	  (2010-­‐2020)	  for	  the	  demand	  sensitivity	  analysis.	  
2.2.3 Process	  overview	  and	  scheduling	  
To	  set	  up	  the	  model	  all	  investment	  and	  material	  flow	  parameters	  as	  well	  as	  the	  initial	  number	  of	  
agents	   are	   initialized.	   The	  main	   procedure,	   being	   executed	   every	   time	   step	   (i.e.	   year)	   by	   the	  
observer,	   consists	   of	   the	   following	   five	   steps.	   First,	   the	   annual	   construction	   investments	   are	  
calculated	  and	  accordingly	  this	  year’s	  projects	  created.	  Second,	  the	  potential	  supply	  of	  recycled	  
aggregates	  is	  calculated.	  Third,	  the	  projects	  are	  distributed	  to	  enough	  awarding	  authorities	  and	  
randomly	   executed	   (i.e.	   if	   the	   number	   of	   projects	   exceeds	   the	   construction	   capacity	   of	   the	  
awarding	   authorities	   new	   ones	   are	   created).	   Fourth,	   the	   global	   demand	   values	   and	   agent	  
properties	   are	   updated	   according	   to	   the	   projects	   finished.	   Fifth	   and	   finally,	   the	   projects	   older	  
than	  the	  limits	  of	  the	  agent’s	  memory	  are	  erased	  from	  the	  model.	  	  
The	  most	  important	  sub	  model	   is	  the	  “execute	  project”	  procedure	  presented	  in	  Figure	  1	  which	  
itself	  contains	  several	  subroutines	  (a	  complete	  specification	  of	  the	  subroutines	  is	  presented	  in	  SI	  
Table	   5).	   This	   project	   execution	   of	   the	   awarding	   authorities	   basically	   reflects	   the	   agent	  
interaction	   chain	   derived	   from	   the	   agent-­‐operationalization	   approach	   (Knoeri,	   et	   al.	   2011a,	  
2011b).	   Once	   a	   project	   is	   assigned	   to	   an	   awarding	   authority,	   if	   sustainable	   construction	   is	   an	  
option	  at	  all,	  this	  agent	  first	  makes	  his	  project	  specification,	  followed	  by	  selecting	  an	  engineer	  to	  
get	  a	  design	  specification	  and	  an	  architect	   for	  a	  project	  recommendation.	  These	  selections	  are	  
both	  based	  on	  neighbourhood,	  personal	  contacts	  and	  references.	  Engineer	  and	  architect	  interact	  
through	  the	  project	  as	  the	  architect	  considers	  the	  engineer’s	  design	  specification	  as	  a	  criterion,	  
which	   is	   stored	   in	   the	   project.	   Having	   the	   recommendation	   from	   the	   experts,	   the	   awarding	  
authority	  makes	  the	  project	  confirmation	  decision	  and	  selects	  the	  three	  closest	  contractors	  for	  
tendering.	   Including	   tender	   price	   and	   expert	   recommendation	   the	   awarding	   authority	   awards	  
the	  contract	   to	   the	  contractor	  with	   the	  highest	  utility.	   If	   the	  proposed	  recycled	  aggregates	  are	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out	  of	  stock	   the	  agents	  switch	  back	   to	  conventional	  materials.	  Finally	   the	  demanded	  materials	  
are	   deducted	   from	   the	   market	   and	   assigned	   to	   the	   project.	   The	   availability	   of	   the	   recycling	  
option	  for	  the	  construction	  experts	  (i.e.	  engineers,	  architects	  and	  contractors)	  depends	  on	  other	  
agents’	   specifications	   or	   recommendation	   and	   own	   preferences.	   For	   example,	   engineers	  
consider	   recycled	   concrete	   only	   as	   an	   option,	   either	   if	   the	   awarding	   authority	   specified	  
sustainable	  construction	  and	  the	  engineer	  pursues	  by	  relating	  that	  to	  recycled	  concrete,	  or	  if	  he	  
comes	  up	  with	  the	  recycling	  option	  by	  himself.	   In	  all	  other	  cases	  he	  recommends	  conventional	  
concrete.	  The	  empirical	  data	  for	  the	  application	  specific	  decisions	  (e.g.	  from	  design	  specification	  
to	   tender	   selection)	   were	   aggregated	   from	   decisions	   regarding	   structural	   indoor	   and	   outdoor	  
concrete	  application	  since	  they	  have	  been	  found	  to	  correspond	  to	  a	   large	  extent	   (Knoeri,	  et	  al.	  
2011b).	   Lean	   concrete	   application	   decisions	   were	   neglected	   due	   to	   their	   relatively	   small	  
contribution	  (<	  4%)	  to	  the	  overall	  concrete	  flows	  (SI	  Figure	  5).	  	  
	  
Figure	   1:	   Pseudo-­‐code	   of	   awarding	   authorities’	   project	   execution	   subroutine	   calling	   of	   engineers’,	  
architects’	   and	   contractors’	   subroutines	   (Sustainable	   construction	   specification	   (SCS),	   conventional	  
concrete	  (CC),	  recycled	  concrete	  (RC)).	  
2.2.4 Implementation	  
The	  model	   is	   implemented	   in	  Netlogo	  5.0	   (Wilensky	  1999)	  and	   source	   code	   is	  provided	  at	   the	  
www.openabm.org	  model	  archive	  (http://www.openabm.org/model/3294/version/2/view	  ).	  	  
2.2.5 Design	  Concepts	  
In	  the	  following	  we	  briefly	  present	  the	  main	  design	  concepts	  applied	  to	  the	  model	  (More	  detail	  is	  
provided	   in	   SI	   section	   1.2).	   Please	   see	   Railsback	   (2001)	   and	   Grimm	   et	   al.	   (2010)	   for	   further	  
readings	  on	  design	  concepts.	  
Basic	  principles:	  Agent	  were	  operationalized	  with	  the	  agent-­‐operationalization	  approach	  (Knoeri,	  
et	   al.	   2011a).	   Individual	   decision-­‐making	   processes	   were	   modelled	   as	   multi-­‐criteria	   decisions	  
based	   on	   the	   analytical	   hierarchy	   process	   (Saaty	   1980,	   1990).	   Emergence:	   The	   model	   was	  
Awarding authority
to execute project
   if sustainable construction is an option   
         [make project specification SCS or CC]
   select engineer according to location, contact and references
         [ask him to make his design specification] 
   select architect according to location, contact and references
         [ask him to make his project recommendation]
   if sustainable constr. is specified, eng. or arch. recommend RC  
         [make project confirmation]
   select potential contractors according to location
         [ask them to make an offer]
   if RC is tendered at all [make multi-criteria selection]
   else [select the tender with the lowest price]
   deduct the material chosen from the market
          [RC applied if available, otherwise CC]
   set materials applied in the project
end 
Engineer
to make design specification
   if (SCS + pursued) or (own idea)   
          [make multi-criteria design specification]
   else [specify CC]
end 
Architect
to make project confirmation
   if (SCS or eng. recom. + pursued) or (own idea) 
          [make multi-criteria project recommendation]
   else [recomend CC]
end 
Contractor
to make an offer
   if (RC in tender docs or own idea + RC are available) 
          [make multi-criteria tender decision]
   else [tender CC and price]
end 
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designed	  to	  explore	  the	  processes	  that	  give	  rise	  to	  the	  demand	  for	  recycled	  concrete.	  Therefore,	  
the	  main	  output	  variable	   is	  the	  fraction	  of	  recycled	  materials	  applied	  emerging	  from	  the	  agent	  
interaction.	   Adaptation:	   Agents	   adapt	   by	   including	   criteria	   from	   other	   agents	   and	   the	  
environment	   in	   their	   multi-­‐criteria	   decisions,	   and	   select	   agents	   by	   considering	   previous	  
interactions	   and	   references.	   Objectives:	   Agents	   use	   optimisation	   traits	   in	   their	   multi-­‐criteria	  
decisions.	  Learning:	  As	  agents	   adapt	   their	   economic,	   image	  and	  experience	  parameters	   to	   the	  
respective	   system	  values	   and	   their	   personal	   experience,	   they	   learn,	   although	   in	   a	   simple	  way,	  
from	  their	  and	  the	  system’s	  past.	  Sensing:	  Agents	  are	  aware	  of	  their	  internal	  decision	  variables,	  
are	   able	   to	   scan	   relevant	   variables	   of	   other	   agents,	   but	   have	   limited	   information	   of	   the	  
construction	  market.	   Interaction:	   The	  agents	   interact	  directly	   through	   the	   construction	  project	  
with	  other	  agents,	  and	  affect	  each	  other	  indirectly	  through	  material	  consumption,	  competition,	  
and	   systemic	   variables.	   Stochasticity:	   Stochasticity	   was	   used	   to	   represent	   the	   empirical	  
distributions,	   control	   the	   scheduling,	   and	   induce	   variability	   for	   less	   important	   assets.	  
Observation:	   The	  main	  output	  data	   is	   the	  global	   fraction	  of	   recycled	   concrete	  applied	  and	   the	  
demand	  for	  different	  types	  of	  aggregates	  on	  the	  system	  level.	  	  
3. Results	  and	  discussions	  
The	   results	   and	   discussion	   section	   is	   structured	   along	   the	   main	   question	   raised	   in	   the	  
introduction:	  How	  can	  recycling	  of	  construction	  materials	  be	  enhanced?	  We	  first	  analyse	  the	  key	  
factors	  affecting	  the	  demand	  for	   recycling	  materials,	  and	  then	  examine	  what	  scenarios	   lead	  to	  
maximal	   reuse	   of	   construction	   &	   demolition	   waste	   streams.	   In	   each	   section	   we	   describe	   the	  
procedures	   and	   experiments	   conducted,	   present	   the	   results	   derived,	   and	   discuss	   their	  
implication.	  	  
3.1 Enhancing	  recycling	  of	  construction	  materials	  
3.1.1 Key	  factors	  affecting	  demand	  
To	  enhance	  the	  recycling	  of	  construction	  materials	  we	  first	  asked	  how	  sensitive	  the	  demand	  for	  
recycled	   mineral	   construction	   materials	   is	   to	   changes	   in	   different	   parameters,	   or	   what	   key	  
factors	   affect	   the	   demand	   for	   recycling	  material.	  We	   analysed	   the	   sensitivity	   of	   the	   results	   to	  
changes	  in	  the	  option	  awareness	  and	  price	  differences	  between	  the	  material	  options.	  The	  option	  
awareness	   parameters	   were	   investigated	   over	   their	   whole	   bandwidth	   (0-­‐1)	   while	   price	  
difference	  was	  varied	  from	  -­‐50%	  to	  +50%.	  The	  fraction	  of	  recycling	  materials	   in	  relation	  to	  the	  
total	   amount	   of	   applied	   materials	   was	   the	   main	   measure	   of	   interest.	   Since	   the	   demand	   for	  
recycled	  concrete	  stabilized	  after	  10	  simulation	  years,	  we	  simulated	  the	  interval	  from	  2010-­‐2020	  
and	  ran	  20	  experiments	  per	  parameter	  setting.	  	  
3.1.2 Recycling	  fraction	  sensitivity	  to	  changing	  option	  awareness	  and	  price	  
Awarding	  authorities	   sustainable	   construction	   consideration	   in	   the	  project	   specification:	   In	   this	  
initial	  decision	  the	  option	  awareness	  reflects	  if	  the	  actors	  considered	  sustainable	  construction	  as	  
an	   option	   or	   not,	   and	   was	   varied	   for	   each	   awarding	   authority	   group	   separately.	   The	   overall	  
recycled	   concrete	   fraction	   increased	   steadily	  with	   increasing	   option	   awareness	   of	   commercial	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and	   private	   awarding	   authorities,	   while	   increasing	   the	   option	   awareness	   of	   public	   awarding	  
authorities	  showed	  minor	  effects	  (Figure	  2).	  	  
	  
Figure	  2:	  Sensitivity	  of	  the	  recycled	  concrete	  fraction	  to	  changes	  in	  awarding	  authorities	  awareness	  for	  
sustainable	  construction	  as	  an	  decision	  option	   (awarding	  authorities’	  option	  awareness	  is	  raised	  in	  four	  
steps	   from	   0	   to	   1,	   public	   awarding	   authorities’	   option	   awareness	   is	   increasing	   from	   graph	   to	   graph,	  
fraction	  represents	  mean	  values	  from	  20	  runs)	  
This	  basically	  reflects	  the	  share	  of	  the	  three	  groups	  on	  the	  overall	  construction	  investments	  (i.e.	  
50%	   commercial,	   32%	   private,	   and	   18%	   public	   investments)	   and	   therefore	   commercial	   and	  
private	   authorities	   should	   be	   addressed.	   The	   observed	   reference	   values	   for	   the	   awareness	   of	  
sustainable	  construction	  were	  40%	  for	  public,	  42%	  for	  commercial	  and	  57%	  for	  private	  awarding	  
authorities	   (Knoeri,	   et	   al.	   2011b).	   This	   makes	   commercial	   awarding	   authorities	   definitely	   the	  
agent	  group	  to	  address	  as	  they	  have	  the	  largest	  impact	  on	  the	  demand	  for	  recycled	  construction	  
materials,	   and	   have	   among	   the	   lowest	   levels	   of	   awareness	   of	   all	   groups.	   Private	   awarding	  
authorities	   have	   less	   potential	   for	   improvement	   as	   they	   already	   consider	   sustainable	  
construction	  as	  an	  option	  in	  57%	  of	  cases.	  In	  addition,	  their	  large	  number	  and	  the	  relatively	  small	  
effect	  of	  each	  individual	  project	  make	  them	  the	  most	  difficult	  group	  to	  address.	  Public	  awarding	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authorities	  may	  have	  less	  direct	  impact	  on	  the	  system	  but	  might	  function	  as	  a	  role	  model	  when	  
improving	  their	  option	  awareness.	  
Engineers’	  and	  architects’	  sensitivity	  to	  previous	  decisions	  and	  recycled	  concrete	  awareness:	  The	  
consideration	  of	  recycled	  concrete	  as	  an	  option	  in	  engineers’	  and	  architects’	  decisions	  depends	  
on	   two	   parameters:	   (i)	   specification	   sensitivity	   (i.e.	   their	   probability	   to	   relate	   a	   sustainable	  
construction	   specification	   from	   the	   awarding	   authorities	   with	   recycled	   concrete),	   and	   (ii)	  
recycled	   concrete	   option	   awareness,	   (i.e.	   their	   probability	   to	   come	   up	  with	   recycled	   concrete	  
without	  sustainability	  or	  recycling	  being	  previously	  mentioned).	  	  
	  
Figure	  3:	  Recycled	  concrete	   fractions’	  sensitivity	   to	  changes	   in	  architects`	  and	  engineers`	  sensitivity	   to	  
the	   project	   specification	   (0	   if	   they	   consider	   options	   independent	   from	   awarding	   authorities`	   project	  
specification,	  1	  if	  sustainable	  construction	  is	  specified	  they	  always	  consider	  recycled	  concrete	  as	  an	  option,	  
displayed	  are	  mean	  values	  from	  20	  runs	  per	  parameter	  setting)	  
Figure	  3	  shows	  that	  the	  recycled	  concrete	  fraction	  is	  sensitive	  to	  changes	  in	  both	  architects’	  and	  
engineers’	  reaction	  to	  the	  project	  specification	  (specification	  sensitivity).	  While	  in	  the	  first	  half	  of	  
the	  parameter	   range	   the	   fraction	   sparsely	   increases,	   it	   takes	  off	   in	   the	   second	  half	   to	   reach	   a	  
plateau	   after	   0.8.	   This	   implies	   that	   an	   improvement	   of	   architects’	   and	   engineers’	   linkage	   of	  
sustainable	  construction	  with	  recycled	  concrete	  (default	  value	  0.5)	  will	  trigger	  its	  demand.	  This	  is	  
one	   of	   the	   measures	   already	   taken	   by	   the	   Swiss	   sustainable	   construction	   standardization	  
association,	   Minergie,	   by	   including	   recycled	   materials	   in	   their	   newest	   label	   Minergie-­‐Eco	  
(Minergie	  2014).	  Compared	  to	  architects’	  and	  engineers’	  reaction	  to	  project	  specification,	  their	  
own	  recycled	  concrete	  option	  awareness	  has	  relatively	  little	  effect	  on	  the	  final	  demand	  (SI	  Figure	  
11).	  However,	  information	  campaigns	  about	  the	  use	  of	  recycled	  concrete	  in	  these	  two	  groups	  as	  
proposed	  by	  Spoerri	  at	  al.	  (2009),	  will	  affect	  both	  parameters.	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Figure	  4:	  Boxplot	  of	  recycled	  concrete	  fractions’	  sensitivity	  to	  price	  differences	  in	  between	  recycled	  and	  
conventional	  concrete	  [%]	  
Effects	  of	  price	  differences	  between	  recycled	  and	  conventional	  concrete:	  Price	  incentives	  is	  one	  of	  
the	   most	   mentioned	   parameters	   to	   trigger	   the	   demand	   for	   recycled	   concrete	   among	   Swiss	  
construction	   stakeholders	   (Knoeri,	   et	   al.	   2011b).	   The	   results	   show	   that	   the	   recycled	   concrete	  
demand	   is	  highly	  sensitive	  within	  a	  range	  of	  about	  20%	  around	  equal	  prices.	  Above	  and	  below	  
this	  range	  demand	  is	  relatively	  inelastic	  to	  further	  price	  incentives	  (Figure	  4).	  The	  reason	  for	  the	  
plateau	   when	   higher	   price	   differences	   are	   simulated	   is	   because	   price	   is	   just	   one	   criterion	   of	  
several	  (i.e.	  3-­‐5)	  in	  construction	  stakeholders’	  multi-­‐criteria	  decisions.	  For	  engineers,	  for	  example	  
the	  average	  weight	  of	  expected	  costs	  is	  22%	  while	  the	  other	  three	  criteria	  weight	  78%	  together.	  
This	  makes	  prices	   important	  enough	  to	  decide	  in	  decision	  situations	   in	  which	  the	  other	  criteria	  
are	  balanced,	  if	  the	  other	  criteria	  clearly	  indicating	  one	  outcome,	  even	  large	  price	  differences	  are	  
not	  able	   to	   turn	   the	  balance.	   Small	   price	  differences	  are	   therefore	  decisive	   for	   all	   agents	  with	  
tight	   decisions	   or	   high	   weights	   for	   the	   price	   criteria,	   and	   higher	   price	   differences	   have	   little	  
additional	  effect.	  
In	   conclusion,	   the	   fraction	   of	   recycling	   materials	   applied	   was	   most	   sensitive	   to	   stakeholders’	  
awareness	  of	  the	  recycling	  option	  and	  price	  differences.	  In	  particular	  architects’	  and	  engineers’	  
reaction	   to	   previous	   decisions	   in	   the	   agent	   interaction	   chain	   was	   a	   key	   factor.	   Further,	   the	  
demand	   showed	   price	   elasticity	   in	   a	   particular	   range	   around	   current	   prices,	   while	   large	  
differences	  had	  little	  additional	  effect.	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3.2 Scenarios	  towards	  sustainable	  construction	  material	  management	  
3.2.1 Scenario	  development	  
For	  developing	  policy	  recommendations	  for	  possible	  intervention	  measures,	  several	  intervention	  
scenarios	  were	  developed	  aiming	  at	  the	  identification	  of	  the	  parameter	  combination	  leading	  to	  a	  
maximal	   reuse	   of	   construction	   &	   demolition	   waste	   streams.	   Three	   distinct	   (i.e.	   information,	  
public	   initiative,	  and	  economic	   incentives)	  and	  two	  combined	  scenarios	  were	  developed	  based	  
on	   the	   recycled	   concrete	   demand	   sensitivities	   found	   above	   and	   potential	   levers	   for	   policy	  
interventions.	  	  
(i)	  Information:	  Awarding	  authorities’	  awareness	  of	  sustainable	  construction	  as	  a	  decision	  option	  
is	   increased	  to	  75%	  and	  architects	  and	  engineers	  consider	  recycled	  concrete	  as	  an	  option	  each	  
time	   awarding	   authorities	   specify	   sustainable	   construction	   (i.e.	   100%	   specification	   sensitivity).	  
This	   scenario	   aims	   at	   simulating	   the	   effect	   of	   increased	   actors’	   awareness	   (i.e.	   probability	   of	  
considering	  certain	  options)	  without	  changing	  their	  decision	  parameters.	  
(ii)	   Public	   initiative:	   Public	   awarding	   authorities’	   sustainable	   construction	   option	   awareness	   is	  
increased	   to	   100%	   (e.g.	   sustainable	   construction	   specification	   becomes	   standard	   for	   public	  
construction	  works)	  and	  norms	  and	  standards	  are	  developed	  in	  favour	  of	  recycled	  concrete	  (i.e.	  
from	  currently	  0.45	   to	  0.75,	  where	  0	   favours	   conventional	  and	  1	   recycled	  concrete).	   This	   is	   to	  
simulate	  the	  effect	  of	  isolated	  public	  efforts.	  
(iii)	  Economic	  incentives:	  For	  simulating	  and	  assessing	  the	  potential	  of	  taxes	  or	  subsidy	  measures,	  
recycled	  concrete	  is	  given	  a	  10%	  price	  advantage.	  (This	  is	  similar	  to	  the	  10%	  price	  advantage	  for	  
recycled	   concrete	   in	   the	  price	   sensitivity	   analysis	   above).	   This	   price	   advantage	   is	   perceived	  by	  
the	  agents,	  as	  they	  increase	  the	  value	  (but	  not	  the	  weight)	  of	  their	  economic	  criteria	  by	  10%.	  	  
(iv)	  Information	  and	  economic	  incentives:	  Combines	  the	  information	  scenario	  (i)	  with	  slight	  price	  
advantages	  of	  5%.	  Such	  price	  difference	  might	  be	  close	  to	  current	  practice	  in	  urban	  regions	  with	  
recycling	  plants	  available	  (Eberhard	  2014;	  HASTAG	  2014).	  
(v)	   Information,	   economic	   incentives	   and	   norms:	   In	   addition	   to	   combining	   construction	  
stakeholder	  information	  and	  price	  incentives	  (iv),	  the	  norms	  and	  standards,	  currently	  perceived	  
slightly	   unfavourable	   for	   recycled	   concrete	   by	   the	   stakeholders	   (0.45),	   are	   improved	   towards	  
favouring	  the	  recycling	  option	  (0.55).	  
The	  recycling	  fraction	  on	  its	  own	  allows	  conclusions	  about	  the	  recycled	  concretes’	  share	  on	  the	  
overall	  concrete	  volume	  but	  not	  about	  how	  that	  relates	  to	  the	  construction	  &	  demolition	  waste	  
amounts.	   In	   particular	   which	   of	   the	   two	   types	   of	   aggregates	   available,	   concrete	   rubble	   and	  
mixed	  rubble,	  are	  demanded?	  Currently	  concrete	  rubble	  is	  the	  favourite	  recycling	  aggregate	  for	  
structural	   concrete,	   (90%	  of	   the	   demand	   if	   both	   fractions	   are	   available).	  However,	   if	   concrete	  
rubble	   runs	   out	   of	   stock,	   mixed	   rubble	   is	   demanded	   instead	   (see	   SI	   Table	   5	   execute	   project	  
subroutine	   for	   details).	   In	   addition,	   the	   two	   currently	   applied	   recycled	   aggregate	   substitution	  
fractions	   (i.e.	   amount	   of	   natural	   aggregates	   which	   are	   substituted	   with	   recycled	   aggregates	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currently	  between	  25%	  and	  40%	  (Knoeri,	  et	  al.	  2013))	  were	  analysed	  to	  avoid	  over	  estimation	  of	  
construction	  &	  demolition	  waste	  reuse	  potential.	  
3.2.2 Recycling	  fraction	  and	  construction	  and	  demolition	  waste	  reuse	  in	  different	  scenarios	  
Figure	  5	  shows	  the	  resulting	  distribution	  of	  the	  recycling	  fraction	  per	  scenario.	  The	  information	  
scenario	  increases	  the	  fraction	  of	  recycled	  concrete	  to	  almost	  50%	  (mean	  0.48,	  StD	  0.04)	  of	  the	  
concrete	   volume	   applied,	   while	   isolated	   public	   initiative	   (mean	   0.17,	   StD	   0.04),	   or	   10%	   price	  
differences	  (mean	  0.19,	  StD	  0.03)	  lead	  to	  just	  a	  slight	  improvement	  of	  recycled	  concrete	  demand	  
compared	   to	   the	   reference	  value.	  However,	   combining	  even	   smaller	  economic	   incentives	   (5%)	  
with	   information	   has	   by	   far	   a	   larger	   impact	   (mean	   0.66,	   StD	   0.03)	   on	   the	   overall	   recycled	  
concrete	  fraction	  applied.	  Additional	  norm	  and	  standard	  enforcements	  however	  do	  not	  further	  
increase	  the	  recycling	  fraction	  (mean	  0.66,	  StD	  0.02).	  
	  
Figure	  5:	  Resulting	  recycling	  concrete	  fraction	  applied	  in	  different	  scenarios	  (20	  runs)	  
As	  shown	  in	  Figure	  5	  the	  scenarios	  including	  information	  campaigns	  lead	  to	  the	  highest	  reuse	  of	  
construction	   &	   demolition	   waste	   (Figure	   6).	   Even	   if	   only	   25%	   of	   the	   aggregates	   in	   recycled	  
concrete	   are	   recycled	   material	   in	   the	   information	   scenario,	   already	   most	   of	   the	   potential	  
concrete	  rubble	  supply	  is	  demanded.	  Including	  small	  price	  incentives	  leads	  to	  a	  full	  reuse	  of	  the	  
concrete	  rubble	  in	  the	  building	  sector	  and	  further	  increases	  the	  mixed	  rubble	  reuse.	  Shifting	  to	  
40%	   recycled	   aggregates	   in	   recycled	   concrete	   significantly	   increases	   the	   demand	   for	   mixed	  
rubble	  (up	  to	  50%	  of	  the	  potential	  supply)	  since	  concrete	  rubble	  runs	  out	  of	  stock	  faster.	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Figure	   6:	   Annual	   demand	   for	   recycled	   aggregates	   (i.e.	   concrete	   rubble	   (blue	   boxes)	   and	  mixed	   rubble	  
(green	   boxed))	   in	   different	   scenarios	   in	   comparison	   to	   the	   potential	   concrete	   rubble	   supply	   for	   two	  
different	  aggregate	  substitution	  fractions,	  (left	  25%,	  right	  40%)	  (20	  simulation	  runs).	  	  	  
3.2.3 Scenario	  implications	  
The	   most	   effective	   interventions	   for	   a	   transition	   towards	   a	   closed-­‐loop	   mineral	   construction	  
material	   management	   are	   extensive	   information	   campaigns	   combined	   with	   small	   price	  
incentives.	  The	  campaigns	  should	  address	   in	  particular	  the	  construction	  experts	  (e.g.	  architects	  
and	  engineers)	  and	  inform	  about	  the	  option	  of	  recycled	  materials.	  The	  stakeholder	  information	  
considered	   in	   the	  model	   does	   not	   imply	  more	   recycled	  materials	   friendly	   decisions,	   since	   the	  
decision	   parameters	   (i.e.	   criteria	   values	   and	   weights)	   remain	   unchanged	   as	   no	   significant	  
differences	   between	   informed	   and	   uninformed	   stakeholders	   have	   been	   found	   empirically	  
(Knoeri,	   et	   al.	   2011b).	   It	   does,	   however,	   change	   the	   consideration	   of	   recycled	  materials	   as	   an	  
option	  at	  all	  and	  therefore	  the	  stakeholders	  option	  awareness.	  Small	  price	  incentives	  (about	  5%)	  
as	   currently	   observed	   in	   urban	   regions	   in	   combination	   with	   information	   campaigns	   might	   be	  
sufficient	   to	  enhance	  the	  use	  of	   recycled	  materials.	  However,	   the	  simulation	  results	  show	  that	  
even	  though	  the	  demand	  for	  mixed	  rubble	  might	  be	  as	  high	  as	  the	  one	  for	  concrete	  rubble,	  it	  still	  
stays	   far	   below	   its’	   potential	   supply,	   as	   mixed	   rubble	   has	   a	   3	   times	   higher	   share	   on	   the	  
construction	   &	   demolition	   waste	   (SI	   Table	   6).	   This	   implies	   that	   a	   recycled	   concrete	   demand	  
fraction	   of	   almost	   70%	   is	   still	   insufficient	   for	   a	   complete	   reuse	   of	   construction	   &	   demolition	  
waste	  streams.	  Such	  complete	  reuse	  will	  require	  a	  shift	  towards	  recycled	  concrete	  as	  a	  standard	  
(100%	   application)	   or	   higher	   aggregate	   substitution	   rates.	   This	   might	   lead	   to	   unintended	  
consequences	   though,	   such	   as	   increasing	   environmental	   impacts	   due	   to	   larger	   transport	  
distances	  and	  higher	  cement	  demand	  required	  to	  produce	  recycled	  concrete	  of	  the	  same	  quality	  
as	  conventional	  concrete	  with	  increased	  aggregate	  substitution.	  Knoeri	  et	  al.	  (2013)	  showed	  that	  
differences	   in	   transport	  distances	   larger	   than	  15km	  or	  additional	   cement	  contents	  above	  30kg	  
per	   m3	   lead	   to	   higher	   environmental	   impacts	   than	   comparable	   conventional	   concrete.	   These	  
thresholds	  might	   be	   exceeded	   by	  measures	   pushing	   the	   application	   toward	   recycled	   concrete	  
only	  and	  in	  particular	  when	  high	  aggregate	  substitution	  rates	  are	  promoted.	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4. Conclusion	  and	  further	  research	  
This	  paper	  explores	  the	  role	  of	  empirically	  based	  agent	  decision	  parameters	  for	  realistic	  system	  
representation	  with	  the	  case	  study	  of	  Swiss	  construction	  actors`	  decisions	  towards	  recycling.	  
We	   showed	   that	   the	  most	   realistic	   representation	   of	   the	   demand	   for	   recycling	   concrete	   was	  
reached	  when	   the	   option	   awareness	  was	   included	   in	   addition	   to	   the	   empirically	   based	  multi-­‐
criteria	  decisions,	  which	  we	  represented	  as	  discrete	  choices.	  The	  demand	  for	  recycled	  concrete	  
was	   found	   to	   be	   most	   sensitive	   to	   changes	   in	   construction	   stakeholders’	   awareness	   of	   the	  
recycling	  option	  and	  price	  differences	  between	  conventional	  and	  recycled	  material.	  The	  scenario	  
analysis	   showed	   that	   a	   combination	   of	   extensive	   information	   campaigns	   and	   small	   price	  
advantages	  for	  recycled	  materials	  would	  lead	  to	  a	  maximal	  reuse	  of	  construction	  and	  demolition	  
waste.	   Further	   research	   should	   therefore	   concentrate	   on	   analysing	   how	   to	   raise	   construction	  
stakeholders’	  awareness	  of	  recycled	  mineral	  construction	  material	  as	  a	  material	  option	  early	  on	  
in	  the	  construction	  /	  design	  process.	  
From	   an	   ABM	   perspective	   there	   were	   two	   main	   lessons	   learned	   from	   the	   example:	   first,	  
empirically	   based	   agents’	   decision-­‐making	   and	   behaviour	   drastically	   decreases	   the	   degrees	   of	  
freedom	  in	  the	  model	  and	  increase	  the	  confidence	  in	  the	  model	  performance	  when	  presenting	  
the	  outcome	  to	  stakeholders,	  similar	  to	  the	  findings	  of	  collaborative	  modellers.	  Second,	  the	  fact	  
that	   actors’	   option	   awareness	   were	   the	   most	   sensitive	   parameters	   but	   had	   little	   empirical	  
foundation	  clearly	  advocates	  more	  model	  iterations	  and	  early	  simulation	  runs	  with	  dummy	  data.	  
Analysing	   how	   to	   balance	   the	   effort	   on	  modelling	   and	   empirical	   data	   collection	   in	   relation	   to	  
model	   result	   might	   be	   a	   promising	   strand	   of	   further	   research	   for	   context	   specific	   ABM	  
developments.	   Besides	   this,	   the	   question	   of	   how	   to	   increase	   the	   option	   awareness	   relates	   to	  
concepts	  such	  as	  knowledge	  diffusion	  and	  percolation	   (Cantono	  &	  Silverberg	  2009;	  Delre	  et	  al.	  
2010).	  To	  further	  unravel	  this	  question	  and	  analyse	  how	  innovation	  diffusion	  depends	  on	  social	  
influences,	  networks,	  attitudes	  and	  norms,	  ABM	  seems	  to	  be	  a	  promising	  way	  forward.	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Publication	  VI	  
Comparative	   LCA	   of	   recycled	   and	   conventional	   concrete	   for	  
structural	  applications	  	  
Overview	  This	  paper	  analyses	  the	  environmental	   impacts	  of	  recycled	  concrete	  (RC)	  and	  how	  they	  depend	   on	   concrete	   mixture,	   cement	   type	   and	   amount,	   aggregates	   composition	   and	  transport	  distances.	  Therefore,	   the	   life	  cycle	   impacts	  of	  12	  RC	  mixtures	  with	   two	  different	  cement	   types	   are	   compared	  with	   corresponding	   conventional	   concretes	   (CC)	  mixtures	   for	  three	   structural	   applications.	   The	   recycling	   mixtures	   were	   selected	   according	   to	   laws,	  standards	   and	   construction	   practice	   in	   Switzerland.	   We	   compared	   the	   environmental	  impacts	   for	   ready-­‐for-­‐use	   concrete	   on	   the	   construction	   site,	   assuming	   equal	   lifetimes	   for	  recycling	  and	  conventional	  concrete	  in	  a	  full	  LCA.	  	  
Main	  findings	  
• Environmental	   benefits	   for	   RC:	   The	   results	   show	   clear	   (~30%)	   environmental	  benefits	   for	   all	   RC	   options	   at	   endpoint	   level	   (ecoindicator	   99	   and	   ecological	   scarcity).	  Regarding	   global	   warming	   potential	   (GWP),	   the	   results	   are	  more	   balanced	   and	   primarily	  depend	  on	  the	  amount	  of	  cement	  added	  for	  RC.	  
• Avoided	  burdens:	   The	   difference	  mainly	   origins	   in	   the	   avoided	   burdens	   of	   pig-­‐iron	  production	  and	  C&D	  waste	  disposal,	  from	  the	  recycled	  aggregates’	  production.	  	  
• Additional	  cement	  and	  transport	  distances:	  RC	  exhibits	  a	  GWP	  comparable	  to	  CC	  if	  the	  amount	   of	   additional	   cement	   per	   m3	   of	   concrete	   exceeds	   22	   to	   40	   kg.	   Large	   additional	  transport	  distances	  (>15	  to	  >50	  tkm	  depending	  on	  indicator)	  for	  the	  RC	  options	  do	  result	  in	  higher	  environmental	  impacts	  as	  well.	  	  
Relevance	  for	  the	  doctoral	  thesis	  With	   respect	   to	   the	   thesis	   this	   study	   contributed	   with	   analysing	   and	   comparing	   the	  environmental	   impacts	   of	   the	   different	   material	   options	   in	   structural	   engineering.	   It	  therefore	   provided	   the	   basis	   for	   policy	   and	   industry	   recommendations	   for	   a	   sustainable	  construction	  material	  management.	  Furthermore,	  it	  allowed	  synthesizing	  the	  material	  flow	  results	   from	   the	   agent	   based	   model	   with	   environmental	   impacts	   to	   make	   systemic	  assessments.	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Abstract	  
Purpose:	   Construction	   and	   demolition	   (C&D)	   waste	   recycling	   has	   been	   considered	   to	   be	   a	  
valuable	  option	  not	  only	   for	  minimizing	  C&D	  waste	   streams	   to	   landfills	   but	   also	   for	  mitigating	  
primary	  mineral	  resource	  depletion.	  However,	  the	  potentially	  higher	  cement	  demand	  due	  to	  the	  
larger	   surface	   of	   the	   coarse	   recycled	   aggregates	   challenges	   the	   environmental	   benefits	   of	  
recycling	   concrete.	   Furthermore,	   it	   is	   unclear	   how	   the	   environmental	   impacts	   depend	   on	  
concrete	  mixture,	  cement	  type,	  aggregates	  composition	  and	  transport	  distances.	  
Method:	  We	  therefore	  analysed	  the	  life	  cycle	  impacts	  of	  12	  recycled	  concrete	  (RC)	  mixtures	  with	  
two	  different	  cement	  types	  and	  compared	  it	  with	  corresponding	  conventional	  concretes	  (CC)	  for	  
three	   structural	   applications.	   The	  RC	  mixtures	  were	   selected	  according	   to	   laws,	   standards	   and	  
construction	  practice	  in	  Switzerland.	  We	  compared	  the	  environmental	  impacts	  of	  ready-­‐for-­‐use	  
concrete	   on	   the	   construction	   site,	   assuming	   equal	   lifetimes	   for	   recycled	   and	   conventional	  
concrete	   in	  a	   full	   LCA.	   System	  expansion	  and	   substitution	  are	   considered	   to	  achieve	   the	   same	  
functionality	  for	  all	  systems.	  	  
Results:	   The	   results	   show	   clear	   (~30%)	   environmental	   benefits	   for	   all	   RC	   options	   at	   endpoint	  
level	   (ecoindicator	   99	   and	   ecological	   scarcity).	   The	   difference	   is	   mainly	   due	   to	   the	   avoided	  
burdens	  associated	  to	  reinforcing	  steel	  recycling	  and	  avoided	  disposal	  of	  C&D	  waste.	  Regarding	  
global	   warming	   potential	   (GWP),	   the	   results	   are	  more	   balanced	   and	   primarily	   depend	   on	   the	  
additional	   amount	   of	   cement	   needed	   for	   RC.	   Above	   22	   to	   40	   kg	   additional	   cement	   per	  m3	   of	  
concrete,	  RC	  exhibits	  a	  GWP	  comparable	  to	  CC.	  Additional	  transport	  distances	  above	  15	  km	  for	  
the	  RC	  options	  do	  result	  in	  environmental	  impacts	  higher	  than	  those	  for	  CC.	  	  
Conclusions:	  In	  summary,	  the	  current	  market	  mixtures	  of	  recycled	  concrete	  in	  Switzerland	  show	  
significant	  environmental	  benefits	  compared	  to	  conventional	  concrete	  and	  cause	  similar	  GWP,	  if	  
additional	  cement	  and	  transport	  for	  RC	  are	  limited.	  
Keywords:	   Construction	  &	  demolition	  waste,	   recycled	   concrete,	   life-­‐cycle	   assessment,	   cement,	  
transport	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1 Introduction	  
1.1 Background	  
Concrete	  is	  the	  most	  heavily	  consumed	  material	  in	  the	  construction	  sector	  and	  the	  second	  most	  
heavily	   consumed	   substance	  on	   Earth	   after	  water	   (ISO	  2005;	  Weil	   et	   al.	   2006).	   The	   estimated	  
worldwide	  concrete	  consumption	  was	  between	  21	  and	  31	  billion	  tonnes	  in	  2006	  (WBCDS	  2009).	  
In	  addition,	  construction	  and	  demolition	  (C&D)	  waste	  has	  become	  the	  largest	  (Schachermayer	  et	  
al.	  2000;	  FOEN	  2010)	  and	  increasing	  (Muller	  2006;	  Bergsdal	  et	  al.	  2007;	  Hashimoto	  et	  al.	  2007;	  
Hao	  et	  al.	  2007)	  waste	   fraction	   in	   industrialized	  countries.	  Thus,	  C&D	  waste	   reuse	  as	   concrete	  
aggregates	   has	   been	   considered	   as	   a	   valuable	   option	   to	   substitute	   the	   primary	   aggregates	   in	  
concrete	  production	   (Blum	  and	  Stutzriemer	  2007;	  Weil	  et	  al.	  2006;	  Rao	  et	  al.	  2007)	  as	  well	   as	  
reducing	  the	  C&D	  waste	  deposition	  (Lawson	  et	  al.	  2001;	  Hiete	  et	  al.	  2011;	  Woodward	  and	  Duffy	  
2011),	  where	   space	   for	   landfills	   is	   increasingly	   scarce	   (Duran	  et	  al.	  2006;	  WBCDS	  2009).	   In	   the	  
European	  Union,	  where	  the	  average	  C&D	  waste	  recycling	  rate	  is	  33%	  (Eurostat	  2009),	  the	  most	  
recent	   waste	   legislation	   established	   a	   material	   recovery	   rate	   target	   of	   70%	   for	   2020	   for	   this	  
group	   of	   wastes	   (including	   reuse,	   recycling	   or	   other	   material	   recovery)	   (EC	   2008).	   In	   the	  
Netherlands,	   concrete	   landfilling	   is	   banned	   and	   the	   recycling	   rate	   is	   100%	   (apart	   from	   some	  
residual	  process	  waste)	  (WBCDS	  2009).	  	  
In	   Switzerland	   about	   80%	   of	   the	   C&D	   waste	   is	   recycled	   (FSO	   2010).	   This	   comparably	   high	  
recycling	  rate	  is	  mainly	  due	  to	  high	  on-­‐site	  recycling	  rates	  in	  civil	  engineering4,	  where	  about	  94%	  
of	   the	   C&D	   waste	   is	   reused	   (FOEN	   2001,	   2005).	   C&D	   waste	   from	   structural	   engineering5	  is	  
usually	   down-­‐cycled	   (i.e.	   used	   in	   low-­‐grade	   applications	   such	   as	   lean	   concrete)	   or	   landfilled	  
(Spoerri	  et	  al.	  2009;	  FOEN	  2001;	  Knoeri	  et	  al.	  2011).	  The	  technical	  potential	  for	  use	  of	  recycled	  
concrete	   (RC)	   in	   structural	   concrete	   applications	   has	   been	   demonstrated	   in	   various	   research	  
projects	   (Hoffmann	   and	   Jacobs	   2007;	   Li	   2008;	   Poon	   et	   al.	   2009;	   Rao	   et	   al.	   2007).	   In	   addition,	  
these	  applications	  are	  already	  defined	  in	  legislation	  and	  standards	  (KBOB	  2007;	  SIA	  2010;	  FOEN	  
2006)	  and	  reference	  projects	  have	  demonstrated	  their	  practicability	  (Hofmann	  and	  Patt	  2006).	  
However,	   environmental	   benefits	   of	   high	   grade	   RC	   applications	   have	   been	   in	   doubt	   (Holcim	  
2010).	   Since	   cement	   is	   the	   main	   contributor	   to	   many	   environmental	   impacts	   (e.g.	   GWP6)	   of	  
concrete,	   additional	   cement	   use	   for	   RC	   due	   to	   the	   larger	   grain	   surface	   area	   of	   recycled	  
aggregates	  (Fonseca	  et	  al.	  2011;	  Cabral	  et	  al.	  2010;	  Limbachiya	  et	  al.	  2007;	  Hoffmann	  and	  Jacobs	  
2007)	  might	  outweigh	  potential	  benefits	  of	  natural	  aggregate	  substitution	  (Weil	  et	  al.	  2006).	   In	  
previous	   studies,	   the	   RC	   aggregate	   percentages	   ranged	   from	   25%	   (Holcim	   2010)	   to	   100%	  
(Fonseca	  et	  al.	  2011)	  and,	  consequently,	  additional	  cement	  content	  ranged	  from	  zero	  (Fonseca	  
et	  al.	  2011)	  to	  30kg	  (Weil	  et	  al.	  2006).	  Furthermore,	  the	  substitution	  of	  C&D	  waste	  disposal	  and	  
steel	   production	   through	   recycling	   of	   (reinforced)	   concrete	   is	   neglected	   in	   previous	   life	   cycle	  
                                                
4Civil engineering is defined as the design and construction of roads, bridges, tunnels water and electricity supply and 
sewerage (i.e. mainly publicly contracted works). 
5 Structural engineering is defined as the design and construction of buildings. 
6 GWP: Global warming potential [kg CO2 eq.] 
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assessment	   (LCA)	   studies	   (Weil	   et	   al.	   2006;	  Marinkovic	   et	   al.	   2010;	  Holcim	   2010).	   In	   addition,	  
transport	  distances	  and	  types	  (Marinkovic	  et	  al.	  2010),	  and	  C&D	  waste	  treatment	  (Mercante	  et	  
al.	   2011)	   have	   been	   found	   to	   significantly	   affect	   the	   balance	   of	   RC.	   This	   implies	   that	  
environmental	  benefits	  of	  different	  RC	  mixtures	  in	  comparison	  with	  conventional	  concrete	  (CC)	  
are	  still	  in	  doubt.	  Furthermore	  is	  the	  sensitivity	  of	  such	  comparison	  to	  additional	  cement	  for	  RC,	  
C&D	  waste	  composition,	  and	  different	  transport	  distances	  yet	  unclear.	  	  	  
2 Materials	  and	  Methods	  	  
2.1 Goal	  and	  scope	  	  
This	   project	   aims	   to	   establish	   a	   comparative	   LCA	   of	   conventional	   concrete	   (CC)	   and	   recycled	  
concrete	  (RC)	  and	  to	  analyse	  the	  effect	  of	  cement	  content	  and	  transport	  distances.	  Allocation	  is	  
avoided	  by	  system	  expansion	  and	  substitution	  according	  to	  ISO	  14044	  (ISO	  2006).	  The	  results	  will	  
provide	  policy	  recommendations	  for	  construction	  waste	  management	  and	  support	  construction	  
stakeholders’	  decisions	   (i.e.	  awarding	  authorities,	  engineers,	  architects	  and	  contractors	   (Knoeri	  
et	   al.	   2011)).	   The	   system	   includes	   all	   processes	   from	   aggregates’	   extraction	   (CC)	   and	   building	  
dismantling	   (RC)	   to	   ready-­‐for-­‐use	   concrete	   on	   the	   construction	   site.	   The	   construction	   process	  
and	   the	   use	   phase	   of	   conventional	   and	   recycled	   concrete	   structures	   are	   assumed	   to	   be	  
comparable	  and	  are	  therefore	  omitted	  from	  the	  analysis.	  Consequently,	  the	  functional	  unit	  is	  1	  
m3	  of	  concrete	  of	  a	  specific	  strength	  class	  at	  the	  construction	  site.	  	  
The	   production	   of	   recycled	   aggregates	   for	   RC	   requires	   additional	   treatment	   (i.e.	   crushing	   and	  
sorting)	  of	  the	  C&D	  waste	  in	  stationary	  or	  mobile	  recycling	  plants.	  During	  this	  process	  additional	  
iron	  scrap	  is	  recovered	  from	  C&D	  waste	  compared	  to	  building	  dismantling	  (Eberhard	  2011;	  Doka,	  
2009;	   Hächler	   and	   Frei	   2005).	   Therefore,	   environmental	   benefits	   from	   co-­‐products	   of	   the	  
recycling	  operation	  (i.e.	  the	  disposal	  service	  for	  C&D	  waste	  and	  the	  steel	  scrap	  recovered	  in	  the	  
process)	  were	  considered	  as	  avoided	  impacts,	  to	  ensure	  the	  same	  functionality	  of	  the	  RC	  and	  CC	  
product	   systems	   (Fig.1).	   The	   life	   cycle	   inventory	   (LCI)	   data	   for	   concrete	   production	   and	   C&D	  
waste	   recycling	  were	   compiled	   specifically	   for	   this	   study,	  while	   the	   LCI	   data	   for	  materials	   and	  
processes	   in	   the	   background	   system	   are	   taken	   from	   the	   ecoinvent	   database	   version	   2.2.	   The	  
impact	  assessment	  was	  performed	  using	  two	  endpoint	  methods	  (Ecoindicator	  99	  and	  Ecological	  
Scarcity	  2006)	   and	  Global	  Warming	   (GWP)	  and	  Abiotic	  Depletion	   (ADP)	  potentials	   as	  midpoint	  
indicators.	  	  
2.2 System	  description	  
Fig.1	   shows	   the	   conventional	   concrete	   and	   the	   recycled	   concrete	   production	   systems	  
considered.	   Both	   systems	   include	   raw	  materials	   production	   (i.e.	   aggregate	   extraction,	   cement	  
and	  additive	  production	  and	  water	  supply)	  and	  fly	  ash	  as	  inputs	  including	  their	  transport	  stages	  
(i.e.	   T1-­‐T4),	   and	  produce	   concrete	   as	   an	   output	   transported	   to	   the	   construction	   site	   (T7).	   The	  
recycled	  concrete	  system	  further	   includes	  dismantling,	  C&D	  waste	   treatment	   (i.e.	  operation	  of	  
the	  recycling	  plant),	  and	  the	  related	  transports	  (i.e.	  T5	  and	  T6).	  Moreover,	  the	  recycling	  concrete	  
system	  considers	  the	  avoided	  impacts	  related	  to	  the	  reuse	  of	  C&D	  waste.	  These	  are	  the	  avoided	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disposal	   of	   C&D	   waste	   and	   its	   transport	   (T8),	   as	   well	   as	   the	   avoided	   impacts	   related	   to	   the	  
recovery	  of	  iron	  scrap	  obtained	  from	  the	  recycling	  plant	  (Fig.1).	  
	  
Fig.	   8	   System	   boundaries,	   processes	   and	   materials	   for	   the	   conventional	   concrete	   and	   the	   recycling	  
concrete	  systems	  (Light	  blue	  box	  indicates	  reference	  products,	  grey	  boxes	  processes,	  solid	  arrows	  product	  
flows	  and	  dotted	  arrow	  avoided	  impacts	  considered.	  Transport	  is	  specified	  for	  each	  product	  according	  to	  
SI	  Table	  5)	  
Table	   1	   shows	   the	   applications,	   concrete	   types,	   aggregates	   and	   cement	   content	   considered	   in	  
the	   scenarios.	   Three	  different	   concrete	  qualities	  were	   investigated	   since	  different	   applications	  
require	  different	  technical	  standards	  (SIA	  2002)	  and	  exhibit	  different	  acceptance	  of	  RC	  materials	  
(Knoeri	  et	  al.	  2011):	  lean	  concrete	  (LC)	  (150/200kg	  cement	  /	  m3),	  indoor	  concrete	  (IC)	  (C25/307,	  
NPK8	  A/B)	  and	  outdoor	  concrete	  (OC)(C30/35,	  NPK	  C)	  (Supporting	  information	  (SI)	  Table	  1).	  The	  
standardized	   recycling	   options,	   recycled	   concrete	   from	   concrete	   aggregates	   (RC-­‐C)	   using	  
concrete	  rubble	  and	  recycled	  concrete	  from	  mixed	  aggregates	  (RC-­‐M)	  using	  mixed	  rubble	  (KBOB	  
2007;	  SIA	  2010;	  FOEN	  2006;	  SIA	  2002),	  were	  specified	  for	  each	  concrete	  quality	  analysed.	  Two	  
scenarios	   were	   modelled	   for	   each	   recycled	   option:	   a	   reference	   scenario,	   considering	   the	  
percentage	  (40%)	  of	  recycled	  aggregates	  to	  obtain	  additional	  points	   for	   the	  Minergie-­‐Eco	   label	  
(Minergie	   2007),	   and	   a	   minimum	   scenario	   (25%	   recycled	   aggregates),	   according	   to	   standards	  
(SIA	   2010).	   Finally,	   different	   cement	   types	   and	   content	   levels	   are	   considered.	   The	   scenario	  
mixtures	   are	   denominated	   according	   to	   their	   application	   (e.g.	   OC),	   concrete	   type	   (e.g.	   RC-­‐C),	  
percentage	   of	   recycled	   aggregates	   substituted	   (e.g.	   ref),	   cement	   amount	   (e.g.	   CEM	   310)	   and	  
cement	  type	  (e.g.	  Portland	  calcareous).	  	  
                                                
7 Concrete strength class: Comprehensive strength of a cylinder/cube after 28 days curing [N/mm2] (SIA 2002) 
8 NPK: Swiss construction sector standardization (Normpositionenkatalog) (CRB 2011) 
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Table	   1	   Applications,	   concrete	   types,	   aggregates	   and	   cement	   amount	   considered,	   and	   corresponding	  
denominations.	   (a	   Since	   two	   types	  of	   cement	   (i.e.	   Portland	   cement	  CEM	   I	   42.5	   and	  Portland	   calcareous	  
CEM	   II)	   are	   investigated,	   the	   denominations	   are	   extended	   with	   the	   cement	   considered	   (e.g.	   IC-­‐CC	  	  
Portland	  42.5	  or	  IC-­‐CC	  Portland	  calcareous))	  
Appli-­‐
cation	   Concrete	  type	  
Aggregates	   Cement	  
(CEM)	  	  
[kg	  /	  m3	  
concrete]	  	  
Denomination	  a	  
Aggregate	  scenarios	  	   [kg	  /	  m3	  
concret
e]	  
Natural	  
aggre-­‐
gates	  
[M.-­‐%]	  
Con-­‐
crete	  
rubble	  
[M.-­‐%]	  
Mixed	  
rubble	  
[M.-­‐%]	  
Recycled	  
aggregates	  
source	  
(%	  of	  
recycled	  
aggregates)	  
Outdoor	  
concrete	  
(OC)	  
Conventional	  
concrete	  (CC)	   	   	   1890	   100	   	   	   300	  
OC	  CC	  
Recycled	  
concrete	  (RC)	  
Concrete	  
rubble	  	  
(C)	  
min	  	  
(25%)	   1784	   72	   28	   	  
300	   OC	  RC-­‐Cmin	  CEM300	  
310	   OC	  RC-­‐Cmin	  CEM310	  
320	   OC	  RC-­‐Cmin	  CEM320	  
ref	  	  
(40%)	   1624	   55	   45	   	  
300	   OC	  RC-­‐Cref	  CEM300	  
310	   OC	  RC-­‐Cref	  CEM310	  
320	   OC	  RC-­‐Cref	  CEM320	  
Mixed	  
rubble	  	  
(M)	  
min	  	  
(25%)	   1526	   70	   	   30	  
300	   OC	  RC-­‐Mmin	  CEM300	  
320	   OC	  RC-­‐Mmin	  CEM320	  
340	   OC	  RC-­‐Mmin	  CEM340	  
ref	  	  
(40%)	   1374	   50	   	   50	  
300	   OC	  RC-­‐Mref	  CEM300	  
330	   OC	  RC-­‐Mref	  CEM330	  
360	   OC	  RC-­‐Mref	  CEM360	  
Indoor	  
concrete	  
(IC)	  
Conventional	  
concrete	  (CC)	   	   	   1890	   100	   	   	   280	  
IC	  CC	  
Recycled	  
concrete	  (RC)	  
Concrete	  
rubble	  
(C)	  
min	  	  
(25%)	   1784	   72	   28	   	  
280	   IC	  RC-­‐Cmin	  CEM280	  
290	   IC	  RC-­‐Cmin	  CEM290	  
300	   IC	  RC-­‐Cmin	  CEM300	  
ref	  	  
(40%)	   1624	   55	   45	   	  
280	   IC	  RC-­‐Cref	  CEM280	  
290	   IC	  RC-­‐Cref	  CEM290	  
300	   IC	  RC-­‐Cref	  CEM300	  
Mixed	  
rubble	  
(M)	  
min	  	  
(25%)	   1526	   70	   	   30	  
280	   IC	  RC-­‐Mmin	  CEM280	  
305	   IC	  RC-­‐Mmin	  CEM305	  
330	   IC	  RC-­‐Mmin	  CEM330	  
ref	  	  
(40%)	   1374	   50	   	   50	  
280	   IC	  RC-­‐Mref	  CEM280	  
310	   IC	  RC-­‐Mref	  CEM310	  
340	   IC	  RC-­‐Mref	  CEM340	  
Lean	  
concrete	  
(LC)	  
Conventional	  
concrete	  (CC)	   	   	   1890	   100	   	   	  
150	   LC	  CC	  CEM150	  
200	   LC	  CC	  CEM200	  
Recycled	  
concrete	  (RC)	  
Mixed	  
rubble	  (M)	   (100%)	   1221	   	   	   100	  
150	   LC	  RC	  CEM150	  
200	   LC	  RC	  CEM200	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2.3 Life	  Cycle	  Inventory	  (LCI)	  
The	  model	  for	  the	  concrete	  components	  (i.e.	  cement,	  aggregates,	  additives,	  filler	  and	  water),	  for	  
the	  C&D	  waste	  composition	  and	  for	  transport	  distances	  is	  described	  below.	  Background	  data	  is	  
taken	   from	   the	   ecoinvent	   database	   version	   2.2.	   Table	   1	   shows	   an	   overview	   of	   the	   mixtures	  
analysed,	  while	  complete	  mixture	  descriptions	  and	  LCIs	  are	  provided	  in	  SI	  Table	  5-­‐7.	  	  
Cement:	   A	   minimum	   cement	   content	   level	   is	   considered	   for	   each	   application	   in	   CC	   mixtures	  
according	  to	  the	  quality	  requirements	  (SIA	  2002).	  Three	  cement	  content	  scenarios	  were	  defined	  
for	  the	  structural	  RC	  options	  in	  collaboration	  with	  RC	  producers	  (Strauss	  2011;	  Eberhard	  2011)	  to	  
assess	  the	  sensitivity	  of	  environmental	  performance:	  no	  additional	  cement,	  a	  reference	  scenario,	  
and	   a	   maximal	   level	   of	   additional	   cement	   for	   RC.	   For	   lean	   concrete	   no	   additional	   cement	   is	  
required.	  Finally,	  two	  types	  of	  cement	  (i.e.	  Portland	  cement	  CEM	  I	  42.5	  and	  Portland	  calcareous	  
CEM	   II)	   were	   investigated	   for	   structural	   concrete,	   covering	   98%	   of	   the	   cement	   used	   in	  
Switzerland	  (Cemsuisse	  2011),	  while	  for	  lean	  concrete	  only	  Portland	  calcareous	  is	  used.	  	  
Aggregates:	   Round	   gravel	   is	   considered	   as	   natural	   aggregate,	   since	   crushed	   gravel	   represents	  
only	   15%	   of	   the	   gravel	   used	   in	   Switzerland	   (Künniger	   et	   al.	   2001).	   For	   1	  m3	   of	   CC	   1890	   kg	   of	  
round	   gravel	   were	   considered	   (Künniger	   et	   al.	   2001).	   Since	   recycled	   aggregates	   have	   a	   lower	  
density,	   the	   total	   aggregates	   weight	   was	   reduced	   depending	   on	   the	   percentage	   of	   recycled	  
aggregates	  used.	  Based	  on	  Holcim	  (2010),	   it	   is	  assumed	  that	  per	  5%	  recycled	  aggregates,	  a	  1%	  
lower	  aggregate	  mass	   is	  needed	   in	   the	  mixture.	  Recycled	  aggregates	  were	   slightly	   (i.e.	  28%	  or	  
50%)	  overdosed	  to	  reach	  the	  required	  (SIA	  2010)	  minimum	  amount	  of	  recycled	  grains	  (e.g.	  25%	  
or	  40%)	   in	   the	  aggregates	  mixture	   since	  10-­‐20%	  of	  natural	   grains	  are	  detected	   in	   the	   recycled	  
aggregates’	  petrography	  (counting	  grains	  >	  8mm)	  (SI	  Table	  2-­‐3).	  
Other	   components:	   Filler	   and	   additive	   inputs	   increase	   with	   the	   cement	   content	   and	   the	  
application	   (i.e.	   higher	   amount	   is	   needed	   in	   higher	   quality	   applications).	   RC	   mixtures	   require	  
0.2%	   more	   additives	   than	   comparable	   CC	   mixtures.	   Fly	   ash	   is	   considered	   as	   filler	   and	   the	  
substitution	   of	   its	   disposal	   is	   considered	   by	   avoiding	   the	   corresponding	   amount	   of	   fly	   ash	  
disposal	  according	   to	  ecoinvent	  v2.2	   (Doka,	  2009).	  The	  amount	  of	   fly	  ash	  used	  does	  not	  differ	  
from	   CC	   to	   RC.	   Finally,	   a	   higher	   additional	   water	   demand	   is	   assumed	   for	   RC	   as	   recycled	  
aggregates	  have	   a	   larger	   surface	   area	   and	  are	  usually	   drier	   than	  natural	   aggregates	   (Eberhard	  
2011;	  Strauss	  2011)	  (SI	  Table	  5-­‐7).	  	  
C&D	  waste	   composition:	   A	  mixed	   rubble	   composition	   of	   70%	  waste	   concrete	   and	   30%	  waste	  
brick,	  and	  a	  concrete	  rubble	  composition	  of	  95%	  waste	  concrete	  and	   less	   than	  5%	  waste	  brick	  
have	   been	   assumed	   according	   to	   practitioners	   (Eberhard	   2011),	   the	   shares	   specified	   by	   law	  
(FOEN	  2006),	  and	  aggregates	  petrographic	  profile	  (Rubli	  2011).	  A	  distribution	  of	  70%	  reinforced	  
concrete	   and	   30%	  non-­‐reinforced	   concrete	   in	   the	   concrete	  waste	   fraction	  was	   used	   based	   on	  
(FOEN	   2001).	   Assuming	   3%	   (w/w)	   of	   steel	   in	   reinforced	   concrete	   (Doka,	   2009),	   iron-­‐scrap	  
contents	  of	  2%	  for	  concrete	  rubble	  and	  1.5%	  for	  mixed	  rubble	  were	  obtained.	  This	  is	  in	  the	  same	  
range	   as	   the	   empirical	   observed	   1.2%	   (w/w)	   for	   a	  mixture	   of	   concrete	   and	  mixed	   rubble	   in	   a	  
multipurpose	   recycling	   plant	   (Eberhard	   2011;	   Hächler	   and	   Frei	   2005).	   Foreign	   substances	   (i.e.	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wood	   and	   plastics)	   for	   disposal	   account	   for	   less	   than	   1%	   in	   the	   waste	   fractions,	   based	   on	   a	  
recycling	   plant	   inventory	   (Hächler	   and	   Frei	   2005).	   C&D	   waste	   disposal	   inventory	   data	   was	  
obtained	  from	  the	  ecoinvent	  database	  (Doka,	  2009).	  
Transport	   distances:	   Reference	   distances	   according	   to	   average	   data	   of	   Swiss	   concrete	   firms	  
(Gschösser	  2011)	  for	  the	  transport	  of	  natural	  aggregates,	  cement,	  additives	  (plasticizer)	  and	  filler	  
(fly	  ash)	  were	  considered.	  They	  correspond	  well	  to	  the	  transport	  distances	  modelled	  so	  far	  in	  the	  
ecoinvent	  database	  for	  concrete	  at	  plant	   (Kellenberger	  et	  al.	  2007).	  These	  distances	  were	  held	  
constant	  for	  natural	  aggregates,	  cement,	  additives	  and	  filler,	  while	  transport	  sensitivity	  analyses	  
(reference,	  best	  case	  and	  worst	  case)	  were	  performed	  for	   the	  C&D	  waste,	   recycled	  aggregates	  
and	  produced	  concrete	  (SI	  Table	  4).	  	  
3 Results	  and	  Discussion	  
In	  the	  following,	  we	  present	  and	  discuss	  the	  overall	  environmental	  impact	  assessment	  results	  for	  
all	  three	  applications	  (i.e.	  lean,	  indoor	  and	  outdoor	  structural	  concrete)	  and	  the	  sensitivities	  to	  a	  
variation	   of	   cement	   types	   and	   contents,	   C&D	  waste	   compositions	   and	   transport	   distances	   for	  
exemplified	  applications	  and	  mixtures.	  
3.1 Overall	  environmental	  impact	  assessment	  
3.1.1 Structural	  concrete	  
Fig.	   2	   shows	   that	  RC	  mixtures	   for	   structural	   concrete	   applications	   (OC	  and	   IC)	   have	   significant	  
environmental	   benefits	   compared	   to	   CC	   with	   the	   same	   cement	   type	   (mean	   31%,	   StD	   9%)	   at	  
endpoint	   level.	   The	   reduction	   depends	   on	   the	   concrete	  mixture	   and	   ranges	   from	   15%	   (IC	   RC-­‐
Mmin,	   CEM330,	   Portland	   42.5)	   to	   50%	   (OC	   RC-­‐Cref,	   CEM300,	   Portland	   calcareous).	   Strongly	  
reduced	  “respiratory	  inorganics”	  effects	  and	  a	  slight	  reduction	  of	  fossil	  fuel	  consumption	  are	  the	  
main	  contributions	  to	  the	  ecoindicator	  99	  reduction,	  while	  the	  ecological	  scarcity	  2006	  reduction	  
is	   caused	   by	   natural	   resources	   preservation	   in	   addition	   to	   reduced	   emissions	   to	   air.	   Abiotic	  
depletion	  potential	   (ADP)	  shows	  a	  similar	  picture	  with	  a	  clear	  ADP	  reduction	  for	  all	  RC	  options	  
(mean	   34%,	   StD	   11%).	   But	   RC	   and	   CC	   have	   similar	   GWP	   due	   to	   higher	   cement	   content	  when	  
recycled	  aggregates	  are	  used	  (mean	  reduction	  for	  RC	  5%,	  StD	  7%)	  (SI	  Fig.	  1).	  All	  four	  assessment	  
methods	   (ecoindicator	   99,	   ecological	   scarcity	   2006,	   ADP	   and	   GWP)	   show	   a	   clear	   difference	  
between	   cement	   types	   used	   and	   amount	   of	   aggregates	   substituted.	   Concrete	   mixtures	   with	  
Portland	  cement	  calcareous	  have	  consistently	  less	  (i.e.	  about	  10%)	  environmental	  impacts	  than	  
mixtures	  with	  cement	  42.5.	  The	  more	  natural	  aggregates	  were	  substituted	  (e.g.	  50%	  instead	  of	  
30%)	   the	  better	   the	  environmental	  assessment	   results,	  while	   the	  aggregate	   type	   (i.e.	   concrete	  
rubble	  or	  mixed	  rubble)	  has	  less	  impact	  on	  the	  results	  (Fig.	  1	  and	  SI	  Table	  8-­‐9).	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Fig.	   2	   Structural	   concrete	   ecoindicator	   99	   [Pt	   /	   m3	   concrete]	   and	   ecological	   scarcity	   2006	   [GPt	   /	   m3	  
concrete]	  endpoint	  results	  for	  recycling	  and	  conventional	  concrete	  mixtures	  (Midpoint	  impacts	  are	  colour	  
indicated	  for	  each	  of	  the	  two	  impact	  assessment	  methods)	  	  
On	   average	   RC	   mixtures	   show	   around	   30%	   reduction	   of	   environmental	   impacts	   for	   the	  
ecoindicator	  99,	  ecological	  scarcity	  and	  ADP	  assessment	  compared	  to	  CC	  mixtures,	  while	  the	  two	  
options	  are	  on	   the	   same	   level	   regarding	  GWP.	  This	   is	   contradictory	   to	  previous	  studies,	  which	  
resulted	  in	  comparable	  or	  even	  higher	  environmental	  impacts	  of	  RC	  (Holcim	  2010;	  Marinkovic	  et	  
al.	  2010;	  Weil	  et	  al.	  2006).	  The	  difference	  might	  partly	  occur	  due	  to	  differences	  in	  construction	  
practice	  among	  the	  countries	  (e.g.	  transport	  type	  and	  distances),	  but	  is	  more	  likely	  to	  be	  related	  
to	  different	  system	  definitions,	  in	  particular	  to	  the	  fact	  that	  the	  demolition	  process,	  C&D	  waste	  
transport	  and	  landfilling	  was	  largely	  excluded	  so	  far.	  	  
3.1.2 Lean	  concrete	  	  
The	   environmental	   benefits	   at	   endpoint	   level	   for	   recycled	   lean	   concrete	  mixtures	   were	  more	  
pronounced	   (i.e.	   88-­‐104%	   for	   ecoindicator	   99	   and	   80-­‐92%	   for	   ecological	   scarcity	   2006).	   The	  
reduction	   is	   mainly	   due	   to	   reduced	   emissions	   into	   air	   (i.e.	   resp.	   inorganics,	   fossil	   fuels)	   and	  
natural	   resource	   consumption	   compared	   to	   CC.	   In	   addition,	   lean	   concrete	   RC	   options	   show	   a	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large	   potential	   for	   ADP	   reduction,	   due	   to	   100%	   aggregate	   substitution	   and	   less	   transport,	   for	  
both	   recycling	   mixtures	   (e.g.	   150	   and	   200	   kg	   cement).	   Regarding	   GWP,	   the	   lean	   concrete	  
mixtures	  are	  more	  balanced,	  although	  the	  RC	  options	  still	  avoid	  30-­‐40%	  of	  the	  CO2	  equivalents	  
emitted	  (SI	  Fig.	  2-­‐3).	  	  
With	   the	   exception	   of	   Holcim	   (2010),	   most	   previous	   LCA	   studies	   concentrated	   on	   structural	  
concrete	   applications	   (Weil	   et	   al.	   2006;	   Marinkovic	   et	   al.	   2010).	   Although	   not	   including	  
infrastructure	   demolition	   and	   C&D	   waste	   transport	   and	   disposal,	   Holcim	   (2010)	   showed	   a	  
significant	  environmental	   impact	  reduction	   for	  recycled	   lean	  concrete	  with	  100%	  mixed	  rubble	  
aggregates,	   reconfirmed	   by	   our	   results.	   Thus,	   lean	   RC	   applications	   show	   a	   large	   potential	   for	  
reducing	  environmental	  impacts	  from	  concrete	  production	  on	  the	  application	  level	  even	  though	  
the	  environmental	  benefits	  on	  a	  system	   level	  might	  be	   limited	  since	   lean	  concrete	  contributes	  
only	  about	  4%	  to	  building	  concrete	  applications	  (Lichtensteiger	  2006).	  
	  
Fig.	  3	  Comparison	  of	  the	  environmental	  burdens’	  distribution	  of	  one	  RC-­‐C	  mixture	  (OC	  RC-­‐Cmin,	  CEM300,	  
Portland	  42.5)	  with	  the	  corresponding	  CC	  mixture	  (OC	  CC,	  Portland	  42.5),	   for	  Ecoindicator	  99	  midpoints.	  
(To	  eliminate	  the	   influence	  of	   the	  cement	  and	  transport,	  mixtures	  having	  the	  same	  amount	  and	  type	  of	  
cement	  have	  been	  chosen	  and	  transport	  distances	  were	  kept	  to	  the	  reference	  scenario)	  
3.2 Contribution	  of	  concretes’	  life	  cycle	  stages	  to	  the	  environmental	  burden	  
Fig.	   3	   compares	   the	   contributions	   to	   the	   ecoindicator	   99	   (EI)	  midpoints	   of	   different	   life	   cycle	  
stages	  of	  one	  RC	  mixture	  with	  the	  corresponding	  CC	  mixture	  (See	  SI	  Fig.	  4	  for	  ecological	  scarcity	  
2006	  (EC)).	  Cement	  is	  the	  main	  contributor	  to	  both	  endpoint	  indicators	  (EI	  99:	  30-­‐91%,	  EC	  2006:	  
18-­‐84%).	  The	  second	   largest	   impacts	   stem	   from	  transport	   (EI	  99:	  5-­‐22%,	  EC	  2006:	  7-­‐58%).	  The	  
same	   is	   true	   for	  midpoint	   results	   with	   2	   exceptions:	   a)	   natural	   aggregates	   dominate	   EC	   2006	  
natural	   resources,	   b)	   large	   avoided	   impacts	   for	   IE	   99	   carcinogens	   and	   EC	   2006	   emissions	   into	  
surface	  water	  are	  caused	  by	  the	  use	  of	  fly	  ash	  as	  filler	  instead	  of	  its	  disposal.	  The	  main	  difference	  
between	   the	   two	   products	   stems	   from	   the	   avoided	   impacts	   of	   C&D	   waste	   landfilling	   and	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recovering	  of	  steel	  scrap	  for	  RC	  (i.e.	  concrete	  rubble	  (avoided	  impacts)	  EI	  99:	  6-­‐26%,	  EC	  2006:	  2	  -­‐	  
25%).	  Except	  for	  EC	  2006	  emissions	  into	  topsoil	  (13%)	  the	  avoided	  transport	  impacts	  for	  RC	  are	  
rather	   small	   (i.e.	   EI	   99	   <4%,	   EC	   2006:	   <3%)	   (Fig.	   3).	   Corresponding	   to	   previous	   studies	  
(Marinkovic	  et	  al.	  2010;	  Holcim	  2010;	  Weil	  et	  al.	  2006)	  cement	  and	  transport	  were	  identified	  as	  
the	  main	  contributor	  to	  environmental	  impacts	  of	  concrete.	  However	  the	  difference	  between	  RC	  
and	  CC	  impacts	   is	  mainly	  due	  to	  the	  avoided	  impacts	  from	  C&D	  waste	  transport	  and	  landfilling	  
and	  those	  of	  steel	  scrap	  recovery.	  This	  confirms	  that	  the	  unfavourable	  results	  for	  RC	  in	  previous	  
studies	  are	  due	  to	  excluding	  the	  benefits	  from	  co-­‐products	  of	  the	  recycling	  process.	  
3.3 Sensitivity	  to	  cement	  type	  and	  content	  
We	   analysed	   the	   sensitivity	   of	   global	   warming	   potential	   (GWP	   100y	   shows	   the	   most	  
unfavourable	  results	  for	  RC)	  to	  different	  cement	  types	  and	  additional	  amounts	  of	  cement	  for	  the	  
RC	  mixtures	  for	  outdoor	  concrete	  applications.	  As	  seen	  above,	  concrete	  mixtures	  with	  Portland	  
42.5	   cement	   show	   higher	   (12-­‐15%)	   global	   warming	   potential	   than	   mixtures	   with	   Portland	  
calcareous	  cement.	  For	  RC-­‐M	  mixtures	  the	  amount	  of	  additional	  cement,	  for	  which	  RC-­‐M	  and	  CC	  
have	  equal	  GWP,	  is	  in	  the	  range	  of	  the	  mixtures	  analysed	  (i.e.	  for	  RC-­‐Mmin	  at	  24kg,	  for	  RC-­‐Mref	  
at	  36kg).	  For	  the	  RC-­‐C	  mixtures	  these	  points	  are	  slightly	  higher	  (i.e.	  for	  RC-­‐Cmin	  at	  28kg,	  for	  RC-­‐
Cref	   at	   42kg)	   but	   outside	   the	   range	   of	   analysed	   market	   mixtures	   (Fig.	   4	   and	   SI	   Fig.	   5).	   The	  
additional	   amount	   of	   cement	   needed	   for	   RC	   is	   key	   for	   its	   environmental	   performance.	   The	  
impact	  comparison	  with	  the	  rather	  unfavourable	  GWP	  shows	  that	  limiting	  the	  additional	  cement	  
to	  about	  10%	  compared	  to	  the	  amount	  used	  in	  CC	  keeps	  the	  impacts	  comparable	  to	  CC.	  This	  is	  in	  
line	   with	   the	   recommendation	   of	   previous	   studies	   (Weil	   et	   al.	   2006;	   Marinkovic	   et	   al.	   2010;	  
Holcim	  2010)	  to	  limit	  the	  additional	  cement	  content	  for	  RC.	  	  
	  
Fig.	   4	  Outdoor	   concretes’	   GWP	   [kg	   CO2	   eq	   /	  m
3	   concrete]	   sensitivity	   to	   additional	   cement	   amount	   for	  
recycling	   concrete	   (RC)	   (solid	   lines	   and	   rhomboid	   markers	   indicate	   concrete	   mixtures	   with	   Portland	  
cement	  42.5	  and	  dotted	  lines	  and	  circled	  markers	  indicate	  concrete	  with	  calcareous	  cement)	  
3.4 C&D	  waste	  composition	  sensitivity	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Although	  the	  overall	  assessment	  is	  dominated	  by	  cement	  related	  impacts,	  the	  main	  difference	  in	  
the	  comparison	  between	  RC	  and	  CC	  origins	  from	  the	  avoided	  burdens	  of	  C&D	  waste	  treatment.	  
A	   high	   share	   of	   the	   RC	   benefits	   is	   caused	   by	   the	   iron	   scrap	   substitution	   (SI	   Fig.	   6).	   Thus,	   the	  
sensitivity	   of	   the	   assumption	   of	   70%	   reinforced	   concrete	   in	   the	   C&D	  waste	   concrete	   fraction	  
needs	   to	   be	   assessed.	   Comparative	   results	   do	   not	   change	   drastically	   with	   lower	   reinforced	  
concrete	  shares	   in	   the	  C&D	  waste	  concrete	   fraction	   (SI	  Fig.	  7).	  Except	   for	  GWP	  all	  RC	  mixtures	  
indicators	   show	   lower	   environmental	   impacts	   than	   CC,	   even	   without	   any	   avoided	   burdens	  
considered	  for	  additional	  iron	  scrap	  recovery.	  	  Furthermore,	  the	  question	  as	  to	  whether	  it	  would	  
be	   more	   beneficial	   to	   extract	   iron	   from	   C&D	   waste	   and	   dispose	   of	   the	   residual	   inert	   waste	  
instead	  of	  reusing	   it	  as	  aggregate	  was	   investigated.	  SI	  Fig.	  8	  shows	  that	  this	   is	  not	  the	  case	  for	  
any	  indicator.	  
3.5 The	  effect	  of	  additional	  transport	  distances	  
In	   the	   previous	   results	   the	   comparisons	   have	   been	   made	   based	   on	   the	   reference	   transport	  
distance	   scenario	   (SI	   Table	   4),	   representing	   the	   mean	   distances	   for	   Switzerland.	   Although	  
concrete	  production	  is	  a	  rather	  local	  business,	  transport	  distances	  vary	  from	  project	  to	  project.	  
In	  the	  best-­‐case	  scenario	  for	  RC	  mixtures,	  they	  might	  be	  50km	  (~100tkm/m3)	  shorter,	  and	  in	  the	  
worst-­‐case	  scenario	  50km	  (~100tkm/m3)	  longer.	  Thus,	  we	  analysed	  the	  effect	  of	  additional	  lorry	  
transport	  distances	   [ton	  kilometre]	   for	  RC-­‐C	  outdoor	  concrete	  applications	   in	   comparison	  with	  
CC	  (Portland	  42.5	  cement)	  (Fig.	  5).	  	  
	  
Fig.	  5	  Sensitive	  analysis	  of	  additional	  the	  transport	  distances	  for	  RC-­‐C	  options	  in	  relation	  to	  CC	  for	  outdoor	  
concrete	   (OC	   RC-­‐Cmin	   CEM320	   (max)	   and	   OC	   RC-­‐Cref	   CEM300	   (min)	   mixtures	   showed	   maximum	   and	  
minimum	  values)	  
For	  the	  reference	  transport	  distances	  all	  RC-­‐C	  mixtures	  have	  lower	  environmental	  impacts	  than	  
CC	   for	   all	   indicators.	   The	   worst	   RC-­‐C	   mixture	   has	   equal	   GWP	   at	   36	   additional	   ton	   kilometre	  
transports	  for	  the	  recycling	  concrete.	  At	  100	  additional	  ton	  kilometre	  for	  recycling	  concrete	  only	  
two	  indicators	  (i.e.	  GWP	  and	  Ecoindicator	  99)	  are	  above	  CC	  for	  the	  worst	  RC-­‐C	  mixture.	  ADP	  and	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EI	   99	   impacts	   increase	   strongly	   with	   additional	   transport	   distances	   while	   GWP	   and	   ES	   2006	  
results	  are	  less	  sensitive	  to	  additional	  transports.	  This	  is	  due	  to	  the	  relatively	  shares	  of	  transport	  
for	  the	  particular	  indicators	  (e.g.	  climate	  change	  and	  fossil	  fuels	  in	  Fig.	  3).	  
3.6 Potential	  of	  and	  limitation	  to	  the	  approach	  
The	   difference	   in	   the	  main	   result	   (i.e.	   environmental	   benefits	   of	   RC)	   compared	  with	   previous	  
studies	   (Weil	   et	   al.	   2006;	   Marinkovic	   et	   al.	   2010;	   Holcim	   2010)	   is	   explained	   mainly	   by	   their	  
exclusion	   of	   co-­‐products	   of	   C&D	   waste	   treatment.	   This	   demonstrates	   the	   importance	   of	   the	  
consideration	   of	   co-­‐products	   in	   the	   recycling	   processes.	   However,	   caution	   is	   recommended	  
when	  generalizing	   the	   results	   since	   the	   study	   is	   limited	   to	   the	  Swiss	   context.	  Construction	   is	  a	  
rather	   local	  business	  and	  mixtures	  as	  well	  as	  transport	  distances	  might	  vary	   in	  other	  countries.	  
Further,	   the	   sensitivity	   to	   additional	   cement	   content	   suggests	   that	   mixtures	   with	   higher	  
aggregates	   substitution	   shares	   and,	   consequently	   higher	   additional	   cement	   content	   might	   be	  
less	  environmental	  friendly.	  	  
4 Conclusion	  and	  outlook	  
While	  previous	  studies	  showed	  equal	  or	  even	  higher	  environmental	  impacts	  of	  RC	  compared	  to	  
CC,	  this	  study	  demonstrated	  that	  RC	  reduces	  the	  environmental	  impacts	  to	  about	  70%	  of	  the	  CC	  
impacts	   if	   co-­‐products	   from	   the	   recycling	   process	   are	   not	   excluded	   from	   the	   scope.	   Cement	  
production	   is	   still	   the	   main	   contributor,	   but	   considering	   benefits	   from	   recovered	   steel	   scrap,	  
avoided	   transport	   of	   C&D	   waste	   to	   the	   deposition	   site,	   and	   avoided	   impacts	   of	   C&D	   waste	  
disposal,	   shifts	   the	   balance	   in	   favour	   of	   RC.	   Global	   warming	   potential	   shows	   the	   smallest	  
differences	  between	  CC	  and	  RC.	  Nevertheless,	  limiting	  the	  additional	  amount	  of	  cement	  used	  for	  
RC	   to	   about	  10%	  keeps	   the	   impact	   in	   a	   comparable	   range.	  While	  C&D	  waste	   composition	  has	  
little	  influence	  on	  the	  results,	  additional	  transport	  for	  RC	  above	  15	  km	  starts	  to	  shift	  the	  balance	  
again	  for	  GWP.	  C&D	  waste	  reuse	  in	  high-­‐grade	  structural	  concrete	  applications	  has	  not	  only	  the	  
potential	   to	   conserve	   natural	   gravel	   resources	   and	   limit	  waste	   streams	   to	   landfills	   but	   also	   to	  
mitigate	  wider	  environmental	  impacts.	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Glossary	  
Civil	  engineering	  (CE)	  	   Design	   and	   construction	   of	   mainly	   publicly	   contracted	  works,	   such	   as	   roads,	   bridges,	   tunnels	   water	   and	  electricity	  supply	  and	  sewerage	  
Concrete	  strength	  class	   Comprehensive	  strength	  of	  a	  cylinder/cube	  after	  28	  days	  curing	  [N/mm2]	  (SIA	  2002)	  
Recycled	  mineral	   construction	  materials	   (RMCM)	   are	  materials	   as	   defied	   in	   the	   Swiss	  directive	   for	   the	   reuse	   of	   mineral	   C&D	   waste	   (FOEN	  2006):	  Recycled	  aggregates	  A	  (asphalt	  rubble	  up	  to	  20%),	  recycled	   aggregates	   B,	   (>	   80%	   roads	   debris),	   recycled	  aggregates	   P	   (>	   95%	   roads	   debris),	   but	   in	   particular	  concrete	   mixtures	   containing	   concrete	   rubble	   or	   mixed	  rubble	  aggregates	  which	  are	  labelled	  as	  recycled	  concrete	  according	   to	   the	   SIA	   Norm	   2030	   (SIA	   2010).	   These	   are	  RC-­‐M	  (>	  25%	  mixed	  rubble	  aggregates)	  and	  RC-­‐C	  (>25%	  concrete	  rubble	  aggregates).	  
Structural	  engineering	  (SE)	  	  	   Design	  and	  construction	  of	  buildings	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Table	   S	   3:	   Stakeholders’	   decision	   criteria	   in	   SE	   (1	   private,	   2	   commercial,	   3	   public	   indicate	   criteria	   and	  
descriptive	   properties	   appearing	   only	   for	   the	   particular	   awarding	   authority	   group.	   Sustainable	  
construction	  specification	  (SCS);	  Decision	  criteria	  are	   listed	  and	  described	  according	  to	  the	  chronological	  
decision	  interaction.)	  
stakeholder	   decision	   decision	  criteria	   description	  
awarding	  
authorities	  
project	  	  
specification	  
(1)	  
• social	  aspects	  
trends,	  image,	  social	  desirability	  1,3	  ,	  political	  objectives	  3	  
regarding	  SCS	  and	  RMCM	  
• economic	  aspects	  
expected	  investment	  and	  operation	  costs	  and	  allocated	  budget	  
for	  SCS	  and	  RMCM	  
• ecological	  aspects	   knowledge	  and	  expectations	  about	  the	  ecological	  performance	  
of	  SCS	  and	  RMCM	  	  
structural	  
engineers	  
design	  	  
specification	  
(2)	  	  
(engineers’	  
recommendati
on)	  
• project	  specification	  
project	  specification	  from	  the	  awarding	  authorities	  about	  SCS	  or	  
RMCM	  	  
• expected	  costs	   expected	  tender	  price	  of	  RMCM	  and	  conventional	  materials	  
• experience	  	   experience	  with	  conventional	  materials	  and	  RMCM	  
• laws	  and	  standards	   existence	  of	  laws	  and	  standards	  regarding	  the	  usage	  of	  RMCM	  
architects	   project	  design	  
(3)	  	  
(project	  
recommendati
on)	  
• project	  specification	  
project	  specification	  from	  the	  awarding	  authorities	  about	  SCS	  or	  
RMCM	  
• expected	  costs	   expected	  tender	  price	  of	  RMCM	  and	  conventional	  materials	  
• engineers’	  
recommendation	  
recommendation	  of	  the	  engineers	  regarding	  the	  usage	  of	  RMCM	  	  
• image	   personal	  image	  of	  RMCM	  
• aesthetical	  aspects	   aesthetical	  performance	  of	  RMCM	  
awarding	  
authorities	  
project	  	  
confirmation	  
(4)	  
(basis	  for	  the	  
tender	  
documents)	  
	  	  
• project	  recommendation	  	  
project	  recommendation	  of	  the	  architects	  regarding	  the	  usage	  of	  
RMCM	  
• expected	  costs	   expected	  tender	  price	  of	  RMCM	  and	  conventional	  materials	  
• technical	  aspects	  1,2	   knowledge	  and	  expectations	  about	  the	  technical	  performance	  of	  
RMCM	  1,2	  
• ecological	  aspects	  1	   knowledge	  and	  expectations	  about	  the	  ecological	  performance	  
of	  RMCM	  1	  
• image	  2,3	   personal	  image	  of	  RMCM	  2,3	  
• marketability	  2	   assessed	  marketability	  of	  buildings	  with	  RMCM	  2	  
• political	  aspects	  3	   political	  objectives	  regarding	  the	  usage	  of	  RMCM	  3	  
contractors	   tender	  (5)	  
(leading	  to	  a	  
submitted	  
tender	  price)	  
• tender	  documents	   material	  specifications	  in	  the	  tender	  documents	  
• economic	  aspects	   raw	  material	  price	  and	  availability	  of	  conventional	  materials	  and	  
RMCM,	  share	  of	  the	  material	  price	  on	  the	  overall	  tender	  sum	  	  	  
• experience	   experience	  with	  conventional	  materials	  and	  RMCM	  
• technical	  aspects	   technical	  feasibility	  and	  quality	  of	  RMCM,	  existence	  of	  laws	  and	  
standards	  regarding	  the	  usage	  of	  RMCM,	  risk	  assessment	  and	  
liability	  issues	  
awarding	  
authorities	  
tender	  
selection	  (6)	   • tender	  documents	  
materials	  specified	  in	  the	  tender	  documents1,2	  
• tender	  price	   tender	  price	  of	  tenders	  with	  conventional	  materials	  and	  RMCM	  
• technical	  aspects	  
knowledge	  and	  expectations	  about	  the	  technical	  performance	  of	  
RMCM	  1,2	  
• ecological	  aspects	  1,3	  
knowledge	  and	  expectations	  about	  the	  ecological	  performance	  
of	  RMCM	  1	  ,transport	  distances	  3,	  ecological	  management	  of	  the	  
company	  3	  
• marketability	  1	   assessed	  marketability	  of	  buildings	  with	  RMCM	  2	  
• quality	  management	  3	  	   quality	  management	  of	  the	  company	  3	  	  
• company	  references	  3	  
references	  and	  experience	  of	  the	  company	  with	  the	  particular	  
type	  of	  project	  3	  
• staff	  references	  3	  	  
knowledge,	  references	  and	  experience	  of	  the	  staff	  with	  the	  
particular	  type	  of	  project	  3	  
• education	  3	   apprenticeship	  position	  offers	  3	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Table	   S	   4:	   Stakeholders’	   decision	   criteria	   in	   CE	   (Sustainable	   construction	   specification	   (SCS);	   Decision	  
criteria	  are	  listed	  and	  described	  according	  to	  the	  chronological	  decision	  interaction.)	  
stakeholder	   decision	   decision	  criteria	   description	  
awarding	  
authorities	  
project	  	  
specification	  (1)	   • social	  aspects	  
trends,	   image	   and	   social	   desirability,	   political	  
objectives	  regarding	  SCS	  and	  RMCM	  
• economic	  aspects	  
expected	   investment	   and	   operation	   costs	   SCS	   and	  
RMCM,	  demolition	  and	  disposal	  costs	  in	  the	  project	  
• ecological	  aspects	  
knowledge	   and	   expectations	   about	   the	   ecological	  
performance	  of	  SCS	  and	  RMCM	  	  
• technical	  aspects	  	   knowledge	   and	   expectations	   about	   the	   technical	  
performance	  of	  SCS	  and	  RMCM	  
civil	  
engineers	  
project	  design	  (2)	  
(project	  
recommendation)	  
• project	  specification	  
project	   specification	   from	   the	   awarding	   authorities	  
about	  SCS	  or	  RMCM	  	  
• expected	  costs	  
expected	   tender	   price	   of	   RMCM	   and	   conventional	  
materials,	   demolition	   and	   disposal	   costs	   in	   the	  
project	  
• experience	  	   experience	  with	  conventional	  materials	  and	  RMCM	  
• laws	  and	  standards	   existence	  of	   laws	  and	  standards	  regarding	  the	  usage	  
of	  RMCM	  
awarding	  
authorities	  
project	  	  
confirmation	  (3)	  	  
(basis	  for	  the	  tender	  
documents)	  
• project	  
recommendation	  	  
project	   recommendation	   of	   the	   engineers	   regarding	  
the	  usage	  of	  RMCM	  
• expected	  costs	  
expected	  tender	  price	  of	  RMCM	  and	  conventional	  
materials	  
• political	  aspects	   political	  objectives	  regarding	  the	  usage	  of	  RMCM	  
• image	   personal	  image	  of	  RMCM	  
contractors	   tender	  (4)	  
(leading	  to	  a	  
submitted	  tender	  
price)	  
• selection	  criteria	  	  
predefined	  tender	  selection	  criteria	  from	  the	  
awarding	  authorities	  	  
• economic	  aspects	  
raw	   material	   price	   and	   availability	   of	   conventional	  
materials	   and	   RMCM,	   demolition	   and	   disposal	   costs	  
in	  the	  project	  
• experience	   experience	  with	  conventional	  materials	  and	  RMCM	  
• technical	  aspects	  
technical	   feasibility	   and	   quality	   of	   RMCM,	   existence	  
of	  laws	  and	  standards	  regarding	  the	  usage	  of	  RMCM,	  
risk	  assessment	  and	  liability	  issues	  
• tender	  documents	  	   material	  specifications	  in	  the	  tender	  documents	  
awarding	  
authorities	  
tender	  selection	  (5)	  
• tender	  price	  
tender	  price	  of	  tenders	  with	  conventional	  materials	  
and	  RMCM	  
• quality	  management	  	   quality	  management	  of	  the	  company	  	  
• company	  references	  
references	  and	  experience	  of	  the	  company	  with	  the	  
particular	  type	  of	  project	  
• staff	  references	  	  
knowledge,	  references	  and	  experience	  of	  the	  staff	  
with	  the	  particular	  type	  of	  project	  
• education	   apprenticeship	  position	  offers	  
• ecological	  aspects	   transport	   distances,	   ecological	   management	   of	   the	  
company	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Table	   S	   5:	   Stakeholders’	   decision	   alternatives/options	   in	   SE	   per	   stakeholder,	   decision	   and	   application	  
(Decision	   alternatives	   are	   listed	   and	   described	   according	   to	   the	   chronological	   decision	   interaction;	  
Abbreviation	  (ABBR))	  
stakeholder	   decision	   application	   alternative	   ABBR	   description	  
awarding	  
authorities	  
(AA)	  
project	  	  
specification	  
(1)	   (not	  
application	  
specific)	  
• Sustainable	  construction	  
specification	  
SCS	   The	  AA	  general	  claims	  for	  sustainable	  
construction	  
• Specify	  recycled	  mineral	  
construction	  materials	  	  
RMCM	   The	  AA	  specifically	  claims	  and	  specifies	  the	  
use	  of	  RMCM	  
• No	  sustainable	  
construction	  specification	  
NSCS	   The	  AA	  makes	  no	  specification	  regarding	  
sustainable	  construction	  of	  RMCM	  
structural	  
engineers	  
design	  	  
specification	  
(2)	  	  
(engineers’	  
recommendat
ion)	  
• outside	  
concrete	  
• Conventional	  concrete	   CC	  
The	  engineers	  recommends	  conventional	  
concrete	  for	  outside	  concrete	  applications	  
• Recycled	  concrete	  B	   RCB	  
The	  engineers	  recommends	  recycled	  
concrete	  B	  for	  outside	  concrete	  applications	  
• Property	  specification	   PS	  
The	  engineers	  specifies	  properties	  to	  fulfill	  
for	  outside	  concrete	  applications	  and	  	  does	  
not	  recommend	  a	  particular	  material	  
• inside	  
concrete	  
• Conventional	  concrete	   CC	  
The	  engineers	  recommends	  conventional	  
concrete	  for	  inside	  concrete	  applications	  
• Recycled	  concrete	  M	   RCM	  
The	  engineers	  recommends	  recycled	  
concrete	  M	  for	  inside	  concrete	  applications	  
• Property	  specification	   PS	  
The	  engineers	  specifies	  properties	  to	  fulfill	  
for	  inside	  concrete	  applications	  and	  	  does	  not	  
recommend	  a	  particular	  material	  
• lean	  
concrete	  
• Conventional	  concrete	   CC	  
The	  engineers	  recommends	  conventional	  
concrete	  for	  lean	  concrete	  applications	  
• Recycled	  concrete	  M	   RCM	  
The	  engineers	  recommends	  recycled	  
concrete	  M	  for	  lean	  concrete	  applications	  
• Property	  specification	   PS	  
The	  engineers	  specifies	  properties	  to	  fulfill	  
for	  lean	  concrete	  applications	  and	  	  does	  not	  
recommend	  a	  particular	  material	  
architects	   project	  design	  
(3)	  	  
(project	  
recommendat
ion)	  
• outside	  
concrete	  
• Conventional	  concrete	   CC	  
The	  architect	  recommends	  conventional	  
concrete	  for	  outside	  concrete	  applications	  
• Recycled	  concrete	  B	   RCB	  
The	  architect	  recommends	  recycled	  concrete	  
B	  for	  outside	  concrete	  applications	  
• Property	  specification	   PS	  
The	  architect	  specifies	  properties	  to	  fulfill	  for	  
outside	  concrete	  applications	  and	  	  does	  not	  
recommend	  a	  particular	  material	  
• inside	  
concrete	  
• Conventional	  concrete	   CC	  
The	  architect	  recommends	  conventional	  
concrete	  for	  inside	  concrete	  applications	  
• Recycled	  concrete	  M	   RCM	  
The	  architect	  recommends	  recycled	  concrete	  
M	  for	  inside	  concrete	  applications	  
• Property	  specification	   PS	  
The	  architect	  specifies	  properties	  to	  fulfill	  for	  
inside	  concrete	  applications	  and	  	  does	  not	  
recommend	  a	  particular	  material	  
• lean	  
concrete	  
• Conventional	  concrete	   CC	  
The	  architect	  recommends	  conventional	  
concrete	  for	  lean	  concrete	  applications	  
• Recycled	  concrete	  M	   RCM	  
The	  architect	  recommends	  recycled	  concrete	  
M	  for	  lean	  concrete	  applications	  
• Property	  specification	   PS	  
The	  architect	  specifies	  properties	  to	  fulfill	  for	  
lean	  concrete	  applications	  and	  	  does	  not	  
recommend	  a	  particular	  material	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stakeholder	   decision	   • application	   • alternative	   ABBR	   description	  
awarding	  
authorities	  
project	  	  
confirmation	  
(4)	  
(basis	  for	  the	  
tender	  
documents)	  
	  	  
• outside	  
concrete	  
• Conventional	  concrete	   CC	  
The	  AA	  confirms	  that	  for	  outside	  concrete	  
applications	  conventional	  concrete	  is	  specified	  in	  
tender	  documents	  
• Recycled	  concrete	  B	   RCB	  
The	  AA	  confirms	  that	  for	  outside	  concrete	  
applications	  recycled	  concrete	  B	  is	  specified	  in	  
tender	  documents	  
• Property	  specification	   PS	  
The	  AA	  confirms	  that	  for	  outside	  concrete	  
applications	  material	  properties	  are	  specified	  in	  
tender	  documents	  
• inside	  
concrete	  
• Conventional	  concrete	   CC	  
The	  AA	  confirms	  that	  for	  inside	  concrete	  
applications	  conventional	  concrete	  is	  specified	  in	  
tender	  documents	  
• Recycled	  concrete	  M	   RCM	  
The	  AA	  confirms	  that	  for	  inside	  concrete	  
applications	  recycled	  concrete	  M	  is	  specified	  in	  
tender	  documents	  
• Property	  specification	   PS	  
The	  AA	  confirms	  that	  for	  inside	  concrete	  
applications	  material	  properties	  are	  specified	  in	  
tender	  documents	  
• lean	  
concrete	  
• Conventional	  concrete	   CC	  
The	  AA	  confirms	  that	  for	  lean	  concrete	  
applications	  conventional	  concrete	  is	  specified	  in	  
tender	  documents	  
• Recycled	  concrete	  M	   RCM	  
The	  AA	  confirms	  that	  for	  lean	  concrete	  
applications	  recycled	  concrete	  M	  is	  specified	  in	  
tender	  documents	  
• Property	  specification	   PS	  
The	  AA	  confirms	  that	  for	  lean	  concrete	  
applications	  material	  properties	  are	  specified	  in	  
tender	  documents	  
contractors	   tender	  (5)	  
(leading	  to	  a	  
submitted	  
tender	  price)	  
• outside	  
concrete	  
• Conventional	  concrete	   CC	  
The	  contractor	  submit	  a	  tender	  with	  conventional	  
concrete	  for	  outside	  concrete	  applications	  
• Recycled	  concrete	  B	   RCB	  
The	  contractor	  submit	  a	  tender	  with	  recycled	  
concrete	  B	  for	  outside	  concrete	  applications	  
• inside	  
concrete	  
• Conventional	  concrete	   CC	  
The	  contractor	  submit	  a	  tender	  with	  conventional	  
concrete	  for	  inside	  concrete	  applications	  
• Recycled	  concrete	  M	   RCM	  
The	  contractor	  submit	  a	  tender	  with	  recycled	  
concrete	  M	  for	  inside	  concrete	  applications	  
• lean	  
concrete	  
• Conventional	  concrete	   CC	  
The	  contractor	  submit	  a	  tender	  with	  conventional	  
concrete	  for	  lean	  concrete	  applications	  
• Recycled	  concrete	  M	   RCM	  
The	  contractor	  submit	  a	  tender	  with	  recycled	  
concrete	  M	  for	  lean	  concrete	  applications	  
awarding	  
authorities	  
tender	  
selection	  (6)	   • outside	  
concrete	  
• Conventional	  concrete	   CC	  
The	  AA	  select	  a	  tender	  with	  conventional	  
concrete	  for	  outside	  concrete	  applications	  
• Recycled	  concrete	  B	   RCB	  
The	  AA	  select	  a	  tender	  with	  recycled	  concrete	  B	  
for	  outside	  concrete	  applications	  
• inside	  
concrete	  
• Conventional	  concrete	   CC	  
The	  AA	  select	  a	  tender	  with	  conventional	  
concrete	  for	  inside	  concrete	  applications	  
• Recycled	  concrete	  M	   RCM	  
The	  AA	  select	  a	  tender	  with	  recycled	  concrete	  M	  
for	  inside	  concrete	  applications	  
• lean	  
concrete	  
• Conventional	  concrete	   CC	  
The	  AA	  select	  a	  tender	  with	  conventional	  
concrete	  for	  lean	  concrete	  applications	  
• Recycled	  concrete	  M	   RCM	  
The	  AA	  select	  a	  tender	  with	  recycled	  concrete	  M	  
for	  lean	  concrete	  applications	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Table	   S	   6:	   Stakeholders’	   decision	   alternatives/options	   in	   CE	  per	   stakeholder,	   decision	   and	   application	  
(Decision	   alternatives	   are	   listed	   and	   described	   according	   to	   the	   chronological	   decision	   interaction;	  
Abbreviation	  (ABBR))	  
stakeholder	   decision	   application	   alternative	   ABBR	   description	  
awarding	  
authorities	  
(AA)	  
project	  	  
specification	  
(1)	   (not	  
application	  
specific)	  
• Sustainable	  construction	  
specification	  
SCS	   The	  AA	  general	  claims	  for	  sustainable	  
construction	  
• Specify	  recycled	  mineral	  
construction	  materials	  	  
RMCM	   The	  AA	  specifically	  claims	  and	  specifies	  the	  use	  of	  
RMCM	  
• No	  sustainable	  
construction	  
specification	  
NSCS	   The	  AA	  makes	  no	  specification	  regarding	  
sustainable	  construction	  of	  RMCM	  
civil	  engineers	   design	  	  
specification	  
(2)	  	  
(engineers’	  
recommendat
ion)	  
• bonded	  sub	  
base	  
• Conventional	  aggregate	   CA	  
The	  engineers	  recommends	  conventional	  
aggregate	  for	  bonded	  sub	  base	  applications	  
• Recycled	  aggregate	  P	   RAP	  
The	  engineers	  recommends	  recycled	  aggregate	  P	  
for	  bonded	  sub	  base	  applications	  
• Recycled	  aggregate	  A	   RAA	  
The	  engineers	  recommends	  recycled	  aggregate	  A	  
for	  bonded	  sub	  base	  applications	  
• Property	  specification	   PS	  
The	  engineers	  specifies	  properties	  to	  fulfill	  for	  
bonded	  sub	  base	  applications	  and	  does	  not	  
recommend	  a	  particular	  material	  
• unbonded	  
sub	  base	  
• Conventional	  aggregate	   CA	  
The	  engineers	  recommends	  conventional	  
aggregate	  for	  unbonded	  sub	  base	  applications	  
• Recycled	  aggregate	  B	   RAB	  
The	  engineers	  recommends	  recycled	  aggregate	  B	  
for	  unbonded	  sub	  base	  applications	  
• Recycled	  mixed	  rubble	  
aggregates	  
RAM	  
The	  engineers	  recommends	  recycled	  aggregate	  M	  
for	  unbonded	  sub	  base	  applications	  
• Property	  specification	   PS	  
The	  engineers	  specifies	  properties	  to	  fulfill	  for	  
unbonded	  sub	  base	  applications	  and	  does	  not	  
recommend	  a	  particular	  material	  
• lean	  
concrete	  
• Conventional	  concrete	   CC	  
The	  engineers	  recommends	  conventional	  
concrete	  for	  lean	  concrete	  applications	  
• Recycled	  concrete	  B	   RCB	  
The	  engineers	  recommends	  recycled	  concrete	  B	  
for	  lean	  concrete	  applications	  
• Recycled	  concrete	  M	   RCM	  
The	  engineers	  recommends	  recycled	  concrete	  M	  
for	  lean	  concrete	  applications	  
• Property	  specification	   PS	  
The	  engineers	  specifies	  properties	  to	  fulfill	  for	  
lean	  concrete	  applications	  and	  does	  not	  
recommend	  a	  particular	  material	  
awarding	  
authorities	  
project	  	  
confirmation	  
(3)	  
(basis	  for	  the	  
tender	  
documents)	  
	  	  
• bonded	  sub	  
base	  
• Conventional	  aggregate	   CA	  
The	  AA	  confirms	  that	  for	  bonded	  sub	  base	  
applications	  conventional	  aggregate	  is	  specified	  in	  
tender	  documents	  
• Recycled	  aggregate	  P	   RAP	  
The	  AA	  confirms	  that	  for	  bonded	  sub	  base	  
applications	  recycled	  aggregate	  P	  is	  specified	  in	  
tender	  documents	  
• Recycled	  aggregate	  A	   RAA	  
The	  AA	  confirms	  that	  for	  bonded	  sub	  base	  
applications	  recycled	  aggregate	  A	  is	  specified	  in	  
tender	  documents	  
• Property	  specification	   PS	  
The	  AA	  confirms	  that	  for	  bonded	  sub	  base	  
applications	  material	  properties	  are	  specified	  in	  
tender	  documents	  
• unbonded	  
sub	  base	  
• Conventional	  aggregate	   CA	  
The	  AA	  confirms	  that	  for	  unbonded	  sub	  base	  
applications	  conventional	  aggregate	  is	  specified	  in	  
tender	  documents	  
• Recycled	  aggregate	  B	   RAB	  
The	  AA	  confirms	  that	  for	  unbonded	  sub	  base	  
applications	  recycled	  aggregate	  B	  is	  specified	  in	  
tender	  documents	  
• Recycled	  mixed	  rubble	  
aggregates	  
RAM	  
The	  AA	  confirms	  that	  for	  unbonded	  sub	  base	  
applications	  recycled	  aggregate	  M	  is	  specified	  in	  
tender	  documents	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• Property	  specification	   PS	  
The	  AA	  confirms	  that	  for	  unbonded	  sub	  base	  
applications	  material	  properties	  are	  specified	  in	  
tender	  documents	  
• lean	  
concrete	  
• Conventional	  concrete	   CC	  
The	  AA	  confirms	  that	  for	  lean	  concrete	  
applications	  conventional	  concrete	  is	  specified	  in	  
tender	  documents	  
• Recycled	  concrete	  B	   RCB	  
The	  AA	  confirms	  that	  for	  lean	  concrete	  
applications	  recycled	  concrete	  B	  is	  specified	  in	  
tender	  documents	  
• Recycled	  concrete	  M	   RCM	  
The	  AA	  confirms	  that	  for	  lean	  concrete	  
applications	  recycled	  concrete	  M	  is	  specified	  in	  
tender	  documents	  
• Property	  specification	   PS	  
The	  AA	  confirms	  that	  for	  lean	  concrete	  
applications	  material	  properties	  are	  specified	  in	  
tender	  documents	  
contractors	   tender	  (4)	  
(leading	  to	  a	  
submitted	  
tender	  price)	  
• bonded	  sub	  
base	  
• Conventional	  aggregate	   CA	  
The	  contractor	  submit	  a	  tender	  with	  conventional	  
aggregate	  for	  bonded	  sub	  base	  applications	  
• Recycled	  aggregate	  P	   RAP	  
The	  contractor	  submit	  a	  tender	  with	  recycled	  
aggregate	  P	  for	  bonded	  sub	  base	  applications	  
• Recycled	  aggregate	  A	   RAA	  
The	  contractor	  submit	  a	  tender	  with	  recycled	  
aggregate	  A	  for	  bonded	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  awarding	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  decision	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  in	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Table	  S	  8:	  Commercial	  awarding	  authorities’	  decision	  data	  in	  structural	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Table	  S	  9:	  Public	  awarding	  authorities’	  decision	  data	  in	  structural	  engineering	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Table	  S	  10:	  Engineers’	  decision	  data	  in	  structural	  engineering	  
	  
Al
te
rn
at
ive
CA
0.
25
0.
20
RA
P
0.
28
0.
13
RA
A
0.
22
0.
12
PS
0.
25
0.
15
CA
0.
19
0.
18
RA
P
0.
29
0.
13
Co
nv
en
tio
na
l a
gg
re
ga
te
 (C
A)
1
Pr
oje
ct 
sp
ec
ific
at
ion
0.
13
0.
12
***
***
***
RA
A
0.
26
0.
11
CA
0.
32
0.
16
***
Re
cy
cle
d 
ag
gr
eg
at
e 
P 
(R
AP
)
2
Ex
pe
cte
d 
co
sts
0.
26
0.
15
***
PS
0.
27
0.
15
RA
P
0.
26
0.
11
**
Re
cy
cle
d 
ag
gr
eg
at
e 
A 
(R
AA
)
3
Ex
pe
rie
nc
e
0.
27
0.
11
***
CA
0.
37
0.
17
*
***
***
RA
A
0.
19
0.
09
***
**
Pr
op
er
ty 
sp
ec
ific
at
ion
 (P
S)
4
La
w 
an
d 
sta
nd
ar
ds
0.
34
0.
16
***
RA
P
0.
26
0.
13
*
***
PS
0.
24
0.
10
RA
A
0.
16
0.
10
***
***
PS
0.
22
0.
13
***
CA
0.
39
0.
19
***
***
***
RA
P
0.
23
0.
11
***
RA
A
0.
17
0.
09
***
PS
0.
21
0.
10
***
CA
0.
28
0.
19
RA
B
0.
30
0.
12
***
**
RA
M
0.
21
0.
11
***
PS
0.
21
0.
12
**
CA
0.
23
0.
20
RA
B
0.
25
0.
11
Co
nv
en
tio
na
l a
gg
re
ga
te
 (C
A)
1
Pr
oje
ct 
sp
ec
ific
at
ion
0.
13
0.
13
***
***
***
RA
M
0.
26
0.
11
CA
0.
35
0.
17
*
***
***
Re
cy
cle
d 
ag
gr
eg
at
e 
B 
(R
AB
)
2
Ex
pe
cte
d 
co
sts
0.
26
0.
14
***
PS
0.
26
0.
14
RA
B
0.
25
0.
10
*
***
Re
cy
cle
d 
m
ixe
d 
ru
bb
le 
ag
gr
eg
at
e 
(R
AM
)
3
Ex
pe
rie
nc
e
0.
27
0.
11
***
CA
0.
39
0.
18
***
***
***
RA
M
0.
19
0.
07
***
***
Pr
op
er
ty 
sp
ec
ific
at
ion
 (P
S)
4
La
w 
an
d 
sta
nd
ar
ds
0.
33
0.
16
***
RA
B
0.
24
0.
11
***
**
PS
0.
21
0.
10
***
RA
M
0.
17
0.
09
***
**
PS
0.
21
0.
12
***
CA
0.
40
0.
18
***
***
***
RA
B
0.
24
0.
10
***
***
*
RA
M
0.
17
0.
08
***
***
PS
0.
19
0.
09
***
*
CC
0.
26
0.
20
RC
M
0.
25
0.
12
*
RC
B
0.
31
0.
11
*
***
PS
0.
18
0.
11
***
CC
0.
21
0.
18
RC
M
0.
29
0.
12
Co
nv
en
tio
na
l c
on
cr
et
e 
(C
C)
1
Pr
oje
ct 
sp
ec
ific
at
ion
0.
15
0.
14
**
***
***
RC
B
0.
28
0.
10
CC
0.
31
0.
17
**
Re
cy
cli
ng
 co
nc
re
te
 M
 (R
CM
)
2
Ex
pe
cte
d 
co
sts
0.
26
0.
14
**
PS
0.
22
0.
13
RC
M
0.
23
0.
10
*
Re
cy
cli
ng
 co
nc
re
te
 B
 (R
CB
)
3
Ex
pe
rie
nc
e
0.
28
0.
13
***
CC
0.
36
0.
17
***
***
RC
B
0.
27
0.
08
*
***
Pr
op
er
ty 
sp
ec
ific
at
ion
 (P
S)
4
La
w 
an
d 
sta
nd
ar
ds
0.
31
0.
17
***
RC
M
0.
20
0.
12
***
**
PS
0.
19
0.
09
**
***
RC
B
0.
27
0.
09
**
***
PS
0.
17
0.
08
***
***
CC
0.
35
0.
19
**
***
RC
M
0.
20
0.
11
**
**
RC
B
0.
25
0.
09
**
**
PS
0.
19
0.
09
***
**
Bo
ld
 n
um
be
rs
 in
dic
at
e 
sig
nif
ica
nt
 (G
LM
 re
pe
at
ed
 m
ea
su
re
s w
ith
 th
e 
Hu
yn
h-
Fe
ldt
 ε-
co
rre
cti
on
 (α
 =
 0
.0
5)
) d
iff
er
en
ce
s a
m
on
g 
th
e 
cr
ite
ria
/a
lte
rn
at
ive
s.
(1
) B
on
fe
ro
ni 
co
rre
cte
d 
sig
nif
ica
nc
e 
lev
els
 o
f p
air
ed
 t-
te
sts
 (*
 0
.1
0,
 **
 0
.0
5,
 **
* 0
.0
1)
 b
et
we
en
 th
e 
ind
ica
te
d 
cr
ite
ria
/a
lte
rn
at
ive
s.
Lean concreteUnbound sub-base
2
SD
Project recommendation
39
1 3 4
Bound sub-base
2 2
no
.
cr
ite
ria
sig
n.
 le
ve
ls 
(1
)
m
ea
n
1 3 4
SD
39
4
N
31cri
t.
De
ci
si
on
Cr
ite
ria
Cr
ite
ria
 w
ei
gh
ts
typ
e
ap
pl.
39
Al
te
rn
at
ive
 w
ei
gh
ts
 p
er
 c
rit
er
ia
Al
te
rn
at
ive
 p
re
fe
re
nc
e
alt
er
na
tiv
e
m
ea
n
SD
sig
n.
 le
ve
ls 
(1
)
sig
n.
 le
ve
ls 
(1
)
alt
er
na
tiv
e
m
ea
n
Part	  C	  ‒	  Appendix	   	   	  163	  
 
 
Table	  S	  11:	  Architects‘	  decision	  data	  in	  structural	  engineering	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Table	  S	  12:	  Contractors‘	  decision	  data	  in	  structural	  engineering	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Table	  S	  13:	  Public	  awarding	  authorities’	  decision	  data	  in	  civil	  engineering	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Table	  S	  14:	  Engineers’	  decision	  data	  in	  civil	  engineering	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Table	  S	  15:	  Contractors’	  decision	  data	  in	  civil	  engineering	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Supporting	  information	  to	  publication	  III	  	  Supporting	  information	  to	  the	  manuscript	  entitled;	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1. Part	  I:	  Complete	  model	  description	  with	  the	  ODD	  protocol	  
The	   model	   description	   follows	   the	   ODD	   (Overview,	   Design	   concepts,	   Details)	   protocol	   for	  
describing	  agent-­‐based	  models	  (Grimm	  et	  al.	  2006;	  Grimm	  et	  al.	  2010).	  Below	  we	  repeat	  the	  first	  
two	  ODD	  protocol	  section	  from	  the	  manuscript	  in	  order	  to	  provide	  a	  complete	  and	  independent	  
model	  description	  as	  recommended	  in	  Grimm	  et	  al.	  (2010).	  
1.1. Overview	  
1.1.1. Purpose	  of	  the	  model	  
This	  model	  aims	  at	  representing	  the	  decision-­‐making	  and	  behaviour	  of	   interacting	  construction	  
stakeholders	   when	   deciding	   what	   kind	   of	   construction	   material	   to	   apply.	   It	   was	   designed	   to	  
analyse	  key	  factors	  affecting	  the	  demand	  for	  conventional	  materials	  (i.e.	  conventional	  concrete	  
with	   natural	   gravel	   and	   sand	   aggregates)	   or	   recycled	   materials	   (i.e.	   recycled	   concrete	   where	  
natural	  aggregates	  are	  substituted	  to	  a	  certain	  extent	  with	  recycled	  aggregates),	  and	  to	  develop	  
scenarios	   leading	   to	   a	   maximal	   reuse.	   The	   main	   output	   variable	   considered	   is	   therefore	   the	  
fraction	  of	  recycled	  concrete	  applied.	  The	  main	  driver	  of	  the	  model	  is	  construction	  investments	  
broken	  down	  into	  projects	  to	  be	  executed	  by	  construction	  stakeholders.	  	  
1.1.2. Entities,	  state	  variables	  and	  scales	  
Entities	   and	   state	   variables:	   The	   following	   entities	   are	   included	   in	   the	   model:	   agents	  
representing	   construction	   stakeholders	   (i.e.	   awarding	   authorities,	   engineers,	   architects	   and	  
contractors),	   projects,	   grid	   cells	   (i.e.	   virtual	   geographical	   location)	   and	   the	   global	   environment	  
representing	  the	  construction	  market	  (i.e.	  construction	  investments	  and	  materials	  available).	  	  
Awarding	   authorities	   represent	   private	   persons,	   companies,	   or	   public	   authorities	   awarding	  
prime	   building	   contracts,	   for	   different	   purposes	   (e.g.	   personal	   use,	   economic	   reasons,	   public	  
building	   requirements).	  Engineers	   represent	   the	  actors	   responsible	   for	   the	   static	  design	  of	   the	  
concrete	   structure	   in	   buildings;	   architects	   the	   stakeholders	   designing	   and	   supervising	   the	  
construction,	  and	  contractors	  the	  companies	  providing	  the	  concrete	  work.	  All	  agents	  are	  located	  
at	   a	   unique	   location	   and	   hold	   an	   identity	   number,	   construction	   related	   variables,	   such	   as	  
construction	   capacity,	   building	   radius	   and	   experience,	   and	  multi-­‐criteria	   decision	   variables	   for	  
each	   distinct	   decision.	   In	   total,	   5788	   agents	   are	   implemented,	   representing	   the	   statistical	  
distribution	   of	   construction	   stakeholders	   in	   the	   case	   study.	   Projects	   represent	   the	   individual	  
construction	  projects	  on	  which	  these	  agents	  interact.	  Besides	  the	  basic	  project	  variables	  such	  as	  
construction	  year,	  sum,	  investor	  type	  and	  material	  amount	  and	  type	  applied,	  the	  projects	  track	  
the	  agents	   involved	  and	   the	  outcome	  of	  all	   agents’	  decisions.	  Per	  year	  about	  450	  projects	  are	  
executed.	  Grid	   cells	   represent	   virtual	   construction	   sites	   of	   30x30m	   (Table	   1).	   The	   observer	   or	  
global	  environment	  (i.e.	  construction	  market)	  is	  the	  only	  entity	  on	  the	  system	  level,	  defining	  the	  
annual	   construction	   investments	   and	   the	   potential	   recycling	   aggregates	   supply.	   In	   addition	   it	  
holds	   the	   variables	   for	   demand	   and	   supply	   accounting	   and	   agent	   specific	   parameters	   for	  
scenario	  measures	  (Table	  2).	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Model,	   spatial	   and	   temporal	   scales:	   The	   model	   was	   designed	   to	   represent	   individual	  
construction	  projects	  with	  a	  model	  to	  reality	  relation	  of	  1:100	  (in	  terms	  of	  agents	  and	  projects).	  
This	   means	   that	   100	   times	   less	   agents	   are	   represented	   in	   the	   model	   and	   each	   construction	  
project	   is	   100	   times	   larger,	   respectively.	   The	  model	   has	   no	   explicit	   spatial	   relation,	   however;	  
agents	  are	  distributed	  randomly	  across	  a	  virtual	  space	  for	   local	   interaction.	  The	  virtual	  space	  is	  
an	  unwrapped	  square	  (to	  see	  edge	  effects)	  of	  300	  x	  300	  grid	  cells	  theoretically	  representing	  an	  
area	  of	  3x3km.	  Agents’	  building	  radii	  were	  derived	  from	  Knoeri	  et	  al.	  (2011b)	  and	  were	  adjusted	  
to	   the	  model	   scale	   (e.g.	  mean	   building	   radius	   of	   30	   units	   (0.3km)	   for	   commercial	   and	   private	  
awarding	   authorities	   and	   50	   units	   (0.5km)	   for	   public	   awarding	   authorities).	   One	   time	   step	  
represents	  one	  year	  and	  simulations	  were	  run	  for	  40	  years	  (2010-­‐2050)	  for	  material	  flow	  analysis	  
and	  for	  10	  years	  (2010-­‐2020)	  for	  the	  demand	  sensitivity	  analysis.	  
Part	  C	  ‒	  Appendix	   	   	  172	  
 
 
Table	  1:	  Entities,	  state	  variables	  and	  attributes	  
entity	  	   type	  (number)	   state	  variables	  and	  attributes	  
Agents	   Awarding	  
authority	  (AA)	  
(5700	  private,	  83	  
commercial	  and	  5	  
public	  AA)	  	  
• Awarding	  authority	  type:	  private,	  commercial	  or	  public	  AA	  
• Construction	  capacity:	  maximum	  executable	  projects	  per	  year	  and	  AA	  
• Building	  radius:	  radius	  within	  projects	  are	  build	  [grid	  cell	  units]	  
• Agent	  selection	  weights:	  weights	  of	  the	  reference	  and	  personal	  contact	  criteria	  for	  
stakeholder	  interaction	  
• Specification	  option	  availability:	  Frequency	  of	  project	  specification	  decisions	  
where	  sustainable	  construction	  is	  an	  option	  (awareness)	  
• Multi-­‐criteria	  project-­‐specification	  decision	  variables	  
• Multi-­‐criteria	  project-­‐confirmation	  decision	  variables	  
• Multi-­‐criteria	  tender-­‐selection	  decision	  variables	  
• Location:	  Grid	  cell	  (patch	  occupied	  by	  only	  this	  agent)	  
• Identity	  number	  
Engineers	  
(46)	  
• Projects	  together:	  percentage	  of	  project	  with	  the	  selecting	  AA	  in	  the	  last	  “agent	  
experience	  time”	  years	  
• Specification	  sensitivity:	  probability	  of	  considering	  RMCM	  as	  an	  option	  if	  AA	  
specified	  sustainable	  construction	  	  
• Multi-­‐criteria	  design-­‐specification	  decision	  variables	  
• Location:	  Grid	  cell	  (patch	  occupied	  by	  only	  this	  agent)	  
• Identity	  number	  
Architects	  
(18)	  
• RMCM	  experience:	  percentage	  of	  RC	  applied	  in	  the	  last	  “agent	  experience	  time”	  
years	  	  
• Projects	  together:	  percentage	  of	  project	  with	  the	  selecting	  AA	  in	  the	  last	  “agent	  
experience	  time”	  years	  
• Specification	  sensitivity:	  probability	  of	  considering	  RMCM	  as	  an	  option	  if	  AA	  
specified	  sustainable	  construction	  or	  engineer	  specified	  RMCM	  	  
• Multi-­‐criteria	  project-­‐recommendation	  decision	  variables	  
• Location:	  Grid	  cell	  (patch	  occupied	  by	  only	  this	  agent)	  
• Identity	  number	  
Contractors	  
(25)	  
• RMCM	  experience:	  percentage	  of	  RC	  applied	  in	  the	  last	  “agent	  experience	  time”	  
years	  	  
• Multi-­‐criteria	  tender-­‐submission	  decision	  variables:	  
• Tender	  variables:	  material	  and	  price	  of	  the	  tender	  
• Tender	  utility:	  Utility	  of	  AA	  for	  contractors	  tender	  
• Location:	  Grid	  cell	  (patch	  occupied	  by	  only	  this	  agent)	  
• Identity	  number	  
Projects	   (~450	  /	  year)	   • Investor	  type:	  private,	  commercial	  or	  public	  
• Construction	  year:	  
• Construction	  sum:	  [Mio	  CHF]	  (with	  model	  relation	  of	  1:100	  each	  project	  is	  100	  
times	  larger)	  	  
• Material	  amount:	  amount	  of	  concrete	  used	  in	  the	  project	  in	  [t]	  
• Construction	  stakeholder	  variables:	  AA,	  engineer,	  architect	  and	  contractor	  
involved	  in	  the	  project	  
• Decision	  outcome	  of	  all	  decision:	  0	  for	  conventional	  concrete	  (CC)	  and	  1	  for	  RC	  
• Materials	  applied:	  0	  if	  CC,	  1	  if	  RC	  
• Location:	  Grid	  cell	  (patch	  occupied	  by	  only	  this	  project)	  
• Identity	  number	  
Grid	  cells	   (90000)	   • X	  and	  Y	  coordinate	  indicating	  the	  position	  on	  the	  300x300	  grid	  landscape	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Table	  2:	  State	  variables	  and	  parameters	  of	  the	  global	  environment	  entity	  representing	  the	  construction	  
market	  
Construction	  market	  state	  variables	  and	  parameters	  
Construction	  investment	  parameters:	  
• Construction	  scenario:	  used	  for	  construction	  investment	  and	  RC	  aggregate	  supply	  calculation	  (-­‐1	  =	  minimal,	  0	  =	  trend,	  1	  =	  
maximal)	  	  
• Annual	  construction	  investment:	  Overall	  building	  construction	  investment	  calculated	  with	  power-­‐low	  trend	  extrapolation	  
function	  	  
• Construction	  fractions:	  Fraction	  of	  private,	  commercial	  or	  public	  investment	  
• Mean	  investment	  sums:	  Mean	  private,	  commercial	  or	  public	  project	  sums	  
• Mean	  construction	  capacity:	  Mean	  annual	  private,	  commercial	  or	  public	  investment	  sums	  per	  AA	  
• Mean	  construction	  mass	  per	  investment:	  concrete	  mass	  [t]	  per	  Mio	  CHF	  invested	  (Mean	  252	  StD	  107)	  
• Private	  investment	  =	  annual	  construction	  investment	  *	  private	  investment	  fraction	  
• Commercial	  investment	  =	  annual	  construction	  investment	  *	  commercial	  investment	  fraction	  
• Public	  investment	  =	  annual	  construction	  investment	  *	  public	  investment	  fraction	  
Recycling	  aggregates	  supply	  parameters:	  
• Annual	  construction	  and	  demolition	  (C&D)	  waste	  volume:	  Overall	  C&D	  waste	  volume	  calculated	  with	  power-­‐low	  trend	  
extrapolation	  function	  	  
• Concrete	  waste	  fraction:	  concrete	  waste	  fraction	  in	  %	  by	  volume	  (0.1524)	  
• Concrete	  waste	  density:	  	  2.4	  t/m3	  concrete	  waste	  
• Residual	  mineral	  waste	  fraction:	  roads,	  masonry	  and	  mineral	  waste	  fraction	  in	  %	  by	  volume	  (0.444)	  
• Residual	  waste	  density:	  1.632	  t/m3	  residual	  waste	  
• Recycling	  efficiency:	  efficiency	  of	  the	  recycling	  process,	  fraction	  of	  C&D	  waste	  usable	  as	  aggregates	  95%	  
• Annual	  concrete	  rubble	  supply	  =	  annual	  construction	  waste	  volume	  *	  concrete	  waste	  fraction	  *	  concrete	  waste	  density	  *	  
recycling	  efficiency	  
• Annual	  mixed	  rubble	  supply	  =	  annual	  construction	  waste	  volume	  *	  residual	  mineral	  waste	  fraction	  *	  residual	  waste	  density	  *	  
recycling	  efficiency	  
Material	  demand	  variables:	  
• Amount	  of	  current	  rmcm	  applied:	  material	  amount	  of	  all	  projects	  with	  RC	  in	  the	  current	  year	  [t]	  
• Amount	  of	  current	  cm	  applied:	  material	  amount	  of	  all	  projects	  with	  CC	  in	  the	  current	  year	  [t]	  
• Current	  fraction	  rmcm	  applied	  =	  Amount	  of	  current	  rmcm	  applied	  /	  material	  amount	  of	  all	  projects	  current	  year	  [t]	  
• Total	  rmcm	  applied:	  all	  time	  amount	  of	  RC	  applied	  [t]	  
• Total	  cm	  applied:	  all	  time	  amount	  CC	  applied	  [t]	  
• Global	  fraction	  rmcm	  applied:	  average	  fraction	  over	  the	  simulation	  years	  
• Concrete	  rubble	  demand	  =	  amount	  of	  current	  rmcm	  applied	  *	  (1	  -­‐	  	  RC_M	  fraction)	  *	  recycling	  aggregates	  substitution	  fraction	  
[t]	  
• Mixed	  rubble	  demand	  =	  amount	  of	  current	  rmcm	  applied	  *	  RC_M	  fraction	  *	  recycling	  aggregates	  substitution	  fraction	  [t]	  
• RMCM	  image:	  Global	  image	  variable	  set	  to	  the	  current	  fraction	  of	  RC	  applied,	  used	  to	  update	  agents	  experience	  variables	  
Material	  demand	  parameters:	  
• RC-­‐M	  fraction:	  fraction	  of	  recycled	  concrete	  which	  is	  RC-­‐M	  (all	  lean	  concrete	  +	  a	  fraction	  of	  the	  rest	  =>	  default	  10%)	  
• Recycling	  aggregates	  substitution	  fraction:	  fraction	  of	  recycled	  aggregates	  substituted,	  two	  scenarios	  min	  25%	  and	  ref.	  40%	  
(Knoeri	  et	  al.	  submitted)	  	  
Agent	  specific	  parameters:	  
• Agents	  experience	  time:	  number	  of	  years	  agents	  remember	  their	  construction	  partners	  and	  materials	  they	  used	  [0-­‐10	  years,	  
default	  5	  years]	  
• AA	  specification	  availability:	  mean	  (private,	  commercial	  or	  public)	  AA`s	  frequency	  of	  project	  specification	  decisions	  where	  
sustainable	  construction	  is	  an	  option	  (awareness)	  
• Engineers	  project	  specification	  sensitivity:	  engineers`	  probability	  to	  consider	  RC	  as	  an	  options	  if	  sustainable	  construction	  was	  
specified	  by	  the	  AA	  (0-­‐1,	  default:	  mean	  0.5,	  StD	  0.2)	  
• Architects	  specification	  sensitivity:	  architects`	  probability	  to	  consider	  RC	  as	  an	  options	  if	  sustainable	  construction	  was	  specified	  
by	  the	  AA,	  or	  RC	  by	  the	  engineer	  (0-­‐1,	  default:	  mean	  0.5,	  StD	  0.2)	  
• Contractors	  tender	  probability:	  percentage	  of	  RC	  considered	  by	  contractors	  in	  their	  tender	  decision	  when	  no	  CC	  is	  specified	  in	  
the	  tender	  documents	  (default	  0.1)	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1.1.3. Process	  overview	  and	  scheduling	  
To	  set	  up	  the	  model	  all	  investment	  and	  material	  flow	  parameters	  as	  well	  as	  the	  initial	  number	  of	  
agents	   are	   initialized.	   The	  main	   procedure,	   being	   executed	   every	   time	   step	   (i.e.	   year)	   by	   the	  
observer,	   consists	   of	   the	   following	   five	   steps.	   First,	   the	   annual	   construction	   investments	   are	  
calculated	  and	  accordingly	  this	  year’s	  projects	  created.	  Second,	  the	  potential	  supply	  of	  recycled	  
aggregates	  is	  calculated.	  Third,	  the	  projects	  are	  distributed	  to	  enough	  awarding	  authorities	  and	  
randomly	   executed	   (i.e.	   if	   the	   number	   of	   projects	   exceeds	   the	   construction	   capacity	   of	   the	  
awarding	   authorities	   new	   ones	   are	   created).	   Fourth,	   the	   global	   demand	   values	   and	   agent	  
properties	   are	   updated	   according	   to	   the	   projects	   finished.	   Fifth	   and	   finally,	   the	   projects	   older	  
than	  the	  limits	  of	  the	  agent’s	  memory	  are	  erased	  from	  the	  model	  (Figure	  1).	  	  
	  
Figure	  1:	  Pseudo-­‐code	  of	  the	  main	  procedure	  
	  
Figure	   2:	   Pseudo-­‐code	   of	   awarding	   authorities	   project	   execution	   subroutine	   calling	   of	   engineer’s,	  
architect’s	  and	  contractor’s	  subroutines.	  
The	  most	  important	  sub	  model	   is	  the	  “execute	  project”	  procedure	  presented	  in	  Figure	  2	  which	  
itself	  contains	  several	  subroutines	  (A	  complete	  specification	  of	  the	  subroutines	  is	  presented	  in	  SI	  
Table	   5).	   This	   project	   execution	   of	   the	   awarding	   authorities	   basically	   reflects	   the	   agent	  
interaction	   chain	   derived	   from	   the	   agent-­‐operationalization	   approach	   (Knoeri	   et	   al.	   2011a;	  
for each year (< simulation end year)
    calculate annual investments and create this year’s projects
    calculate annual potential supply of recycled aggregates
    distribute projects to AA and execute projects randomly
    update global demand values and agent properties
    delete projects older than agents-experience-time
end
Awarding authority
to execute project
   if sustainable construction is an option   
         [make project specification SCS or CC]
   select engineer according to location, contact and references
         [ask him to make his design specification] 
   select architect according to location, contact and references
         [ask him to make his project recommendation]
   if sustainable constr. is specified, eng. or arch. recommend RC  
         [make project confirmation]
   select potential contractors according to location
         [ask them to make an offer]
   if RC is tendered at all [make multi-criteria selection]
   else [select the tender with the lowest price]
   deduct the material chosen from the market
          [RC applied if available, otherwise CC]
   set materials applied in the project
end 
Engineer
to make design specification
   if (SCS + pursued) or (own idea)   
          [make multi-criteria design specification]
   else [specify CC]
end 
Architect
to make project confirmation
   if (SCS or eng. recom. + pursued) or (own idea) 
          [make multi-criteria project recommendation]
   else [recomend CC]
end 
Contractor
to make an offer
   if (RC in tender docs or own idea + RC are available) 
          [make multi-criteria tender decision]
   else [tender CC and price]
end 
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Knoeri,	   et	   al.	   2011b).	   Once	   a	   project	   is	   assigned	   to	   an	   awarding	   authority,	   if	   sustainable	  
construction	   is	   an	   option	   at	   all,	   this	   agent	   first	   makes	   his	   project	   specification,	   followed	   by	  
selecting	   an	   engineer	   to	   get	   a	   design	   specification	   and	   an	   architect	   for	   a	   project	  
recommendation.	   These	   selections	   both	   are	   based	   on	   neighbourhood,	   personal	   contacts	   and	  
references.	   Engineer	   and	   architect	   interact	   through	   the	   project	   as	   the	   architect	   considers	   the	  
engineer’s	   design	   specification	   as	   a	   criterion,	   which	   is	   stored	   in	   the	   project.	   Having	   the	  
recommendation	   from	   the	   experts,	   the	   awarding	   authority	   makes	   the	   project	   confirmation	  
decision	   and	   selects	   the	   three	   closest	   contractors	   for	   tendering.	   Including	   tender	   price	   and	  
expert	  recommendation	  the	  awarding	  authority	  awards	  the	  contract	  to	  the	  contractor	  with	  the	  
highest	  utility.	   If	   the	  proposed	   recycled	  aggregates	   are	  out	  of	   stock	   the	  agents	   switch	  back	   to	  
conventional	   materials.	   Finally	   the	   demanded	   materials	   are	   deducted	   from	   the	   market	   and	  
assigned	  to	  the	  project.	  The	  availability	  of	  the	  recycling	  option	  for	  the	  construction	  experts	  (i.e.	  
engineers,	   architects	   and	   contractors)	   depends	   on	   other	   agents’	   specifications	   or	  
recommendation	  and	  own	  preferences.	  For	  example,	  engineers	  consider	  recycled	  concrete	  only	  
as	   an	   option,	   either	   if	   the	   awarding	   authority	   specified	   sustainable	   construction	   and	   the	  
engineer	  pursues	  by	  relating	  that	  to	  recycled	  concrete,	  or	  he	  comes	  up	  with	  the	  recycling	  option	  
by	  himself.	  In	  all	  other	  cases	  he	  recommends	  conventional	  concrete.	  The	  empirical	  data	  for	  the	  
application	   specific	   decisions	   (e.g.	   from	   design	   specification	   to	   tender	   selection)	   were	  
aggregated	   from	  decisions	   regarding	   structural	   indoor	   and	   outdoor	   concrete	   application	   since	  
they	   have	   been	   found	   to	   correspond	   to	   a	   large	   extent	   (Knoeri,	   et	   al.	   2011b).	   Lean	   concrete	  
application	   decisions	   were	   neglected	   due	   to	   their	   little	   contribution	   (<	   4%)	   to	   the	   overall	  
concrete	  flows	  (Figure	  5).	  	  
Implementation:	  The	  model	   is	   implemented	   in	  Netlogo	  5.0	   (Wilensky	  1999)	  and	  source	  code	   is	  
provided	  at	  the	  openabm.org	  model	  archive	  (http://openabm.org/model/3294/version/1/view	  ).	  
1.2. Design	  concepts	  
In	  the	  following	  we	  present	  the	  main	  design	  concepts	  applied	  to	  the	  model.	  Concepts	  considered	  
being	   not	   important	   for	   the	   question	   addressed	   are	   therefore	   not	   applied	   and	   omitted	   here.	  
Please	  see	  Railsback	  (2001)	  and	  Grimm	  et	  al.	  (2010)	  for	  further	  readings	  on	  design	  concepts.	  
Basic	   principles:	   Although	   the	   main	   driver	   of	   the	   model	   was	   the	   external	   construction	  
investment,	   regarding	   the	   main	   purpose	   (i.e.	   modelling	   of	   the	   demand	   for	   different	   type	   of	  
materials)	  the	  model	  relied	  solely	  on	  the	  agent	  interaction.	  This	  allowed	  us	  analysing	  the	  drivers	  
behind	   the	  material	   demand	   independent	   of	   the	   obviously	   complex	   dynamics	   of	   the	   building	  
sector.	   For	   the	   agent	   operationalization	   the	   agent-­‐operationalization	   approach	   was	   applied	  
(Knoeri,	   et	   al.	   2011a).	   Further,	   for	   the	   individual	   decision-­‐making	   process	   the	  model	   assumes	  
rational	   actors	   in	   a	   sense	   as	   they	   chose	   the	   best	   performing	   option	   from	   the	   multi-­‐criteria	  
decision	   using	   the	   analytical	   hierarchy	   process	   (AHP)	   developed	   by	   Saaty	   (1980,	   1990).	   This	  
assumption	  is	  empirically	  supported	  by	  the	  good	  consistencies	  of	  decision	  output	  and	  behaviour	  
in	  construction	  stakeholders`	  decisions	  (Knoeri,	  et	  al.	  2011b).	  
Part	  C	  ‒	  Appendix	   	   	  176	  
 
 
Emergence:	  The	  model	  was	  designed	  to	  explore	   the	  processes	   that	  give	   rise	   to	   the	  demand	  of	  
recycled	   concrete.	   The	   key	   output	   therefore	   is	   the	   fraction	   of	   recycled	   materials	   applied	  
emerging	   from	   the	  agent	   interaction.	   Since	   the	   total	   amount	  of	  materials	   applied	  was	  directly	  
linked	   to	   the	   construction	   investments	   its	   outcome	   was	   rather	   predictable.	   However,	   linking	  
demand	   and	   potential	   supply	   of	   recycled	   construction	   materials	   led	   to	   useful	   insights	   on	   a	  
system	  level.	  Adaptation:	  The	  agents	  adapt	  in	  two	  different	  ways	  to	  their	  environment.	  (i)	  Their	  
multi-­‐criteria	   decisions	   include	   criteria	   from	   other	   agents	   and	   the	   environment	   (e.g.	  
recommendations,	   law	  and	  standards).	   (ii)	  The	  agent	  selection	   includes	  adaptation	  to	  previous	  
interactions	   (i.e.	   personal	   contact)	   as	   well	   as	   their	   references.	   Objectives:	   The	   agents	   use	  
optimization	   traits	   (e.g.	   choose	   the	   option	   with	   the	   highest	   utility)	   in	   their	   multi-­‐criteria	  
decisions.	  Learning:	  As	  agents	   adapt	   their	   economic,	   image	  and	  experience	  parameters	   to	   the	  
respective	   system	  values	   and	   their	   personal	   experience,	   they	   learn,	   although	   in	   a	   simple	  way,	  
from	   their	   and	   the	   system`s	  past.	  Prediction:	   Agents	  do	  not	  use	  explicitly	  prediction,	   although	  
the	  expected	  utility	   in	   the	  multi-­‐criteria	  decision	  could	  be	  seen	  as	  a	  simple	   form	  of	  prediction.	  
Sensing:	   Agents	   know	   all	   their	   internal	   variables	   (e.g.	   decision-­‐criteria)	   and	   are	   able	   to	   sense	  
variables	  of	  other	  agents	  (e.g.	  experience	  and	  references)	  for	  the	  project	  interaction.	  However,	  
they	   have	   limited	   information	   of	   the	   construction	  market,	   as	   some	  might	   know	   the	   price	   and	  
amount	  of	  available	  materials	  while	  others	  do	  not	  know	  that	  certain	  materials	  are	  an	  alternative	  
option.	  Interaction:	  The	  agents	  interact	  in	  various	  ways	  with	  each	  other:	  (i)	  Direct	  interaction	  on	  
the	   construction	   project	   with	   other	   agents	   directly	   affecting	   their	   behaviour	   (e.g.	   selection,	  
recommendation)	   (Knoeri,	   et	   al.	   2011a).	   The	   required	   communication	   information	   is	   stored	   in	  
the	   projects.	   (ii)	   Indirect	   interaction	   through	   resource	   consumption	   (i.e.	   recycled	   aggregates),	  
competition	   (i.e.	   tender	   selection),	   and	   systemic	   variables	   such	   as	   the	   image	   of	   recycled	  
materials.	  Stochasticity:	  Although	  the	  model	  was	  based	  on	  extensive	  empirical	  work	  (Knoeri,	  et	  
al.	   2011b),	   stochasticity	   was	   either	   used	   to	   represent	   the	   empirical	   distributions	   (e.g.	   set	  
decision	   parameters),	   control	   the	   scheduling	   (e.g.	   random	   project	   execution)	   or	   induce	  
variability	   for	   less	   important	   assets	   (e.g.	   small	   price	   variability).	   Observation:	   The	   main	   data	  
collected	   from	  the	  model	  were	   the	  global	   fraction	  of	  RC	  applied	  and	  the	  demand	   for	  different	  
types	   of	   materials	   on	   the	   system	   level	   in	   terms	   of	   m3	   and	   t.	   In	   addition,	   the	   number	   of	   RC	  
decision	  outcomes	  of	   agents`	  multi-­‐criteria	   decisions	  was	   observed.	   Further	   the	   experience	  of	  
construction	  experts	  (i.e.	  architects,	  engineers	  and	  contractors)	  has	  been	  tracked.	  	  
1.3. Details	  
1.3.1. Initialization	  
Figure	   3	   show	   the	  model	   setup	   procedure	   called	   at	   the	   start	   of	   each	   simulation	   run.	   Initially	  
simulation	   time	   is	   set	   to	   the	  simulation	  start	  year	  parameter	   (2010	   for	  most	  of	   the	  simulation	  
experiments.	  Next,	  the	  share	  of	  the	  different	  AA	  groups	  on	  the	  total	  construction	  investment	  is	  
set	   (i.e.	  32.2%	  private,	  49.5%	  commercial,	   and	  18.2%	  public	   investments),	   their	  mean	  projects	  
investment	  is	  divined	  (i.e.	  0.840	  for	  private,	  1.155	  for	  commercial,	  and	  0.969	  Mio	  CHF	  for	  public	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AA	  (Figure	  4)),	  and	  their	  mean	  construction	  capacities	  are	   initialized	  (i.e.	  0.03	  for	  private,	  3	  for	  
commercial,	   and	   10	   construction	   projects	   per	   year	   for	   public	   AA).	   The	   data	   were	   taken	   from	  
Knoeri	   et	   al.	   (2011b).	   Subsequently,	   the	  mean	   concrete	  mass	   [t]	   per	  Mio	   invested	  CHF	   (Mean	  
252,	  StD	  107)	   is	  set.	  We	  used	  the	  average	  value	  across	  construction	  categories	  (Figure	  5)	  since	  
the	  most	  deviant	  categories	  (i.e.	  industrial	  and	  other	  buildings)	  accounted	  only	  for	  a	  minor	  share	  
of	  the	  investments	  (Figure	  6).	  Then	  the	  current	  fraction	  of	  RMCM	  applied	  and	  the	  RMCM	  image	  
are	   set	   according	   to	   the	   initial	   fraction	   of	   RMCM	   applied.	   Before	   calling	   the	   agent	   setup	  
subroutines	   the	   initial	  numbers	  of	  agents	  are	  specified	   (5700	  private	  AA,	  83	  commercial	  AA,	  5	  
public	  AA,	  46	  architects,	  18	  engineers,	  and	  25	  contractors).	  Finally	  the	  agent	  setup	  subroutines	  
for	  each	  agent	  category	  are	  called	  creating	  the	  initial	  agent	  set	  for	  each	  group.	  They	  basically	  set	  
each	  agent	  at	  a	  random	  free	  position,	  and	  draws	  all	   its	  decision	  criteria	  values	   from	  stochastic	  
distributions	  derived	   from	  Knoeri	  et	  al.	   (2011b)	  or	   the	  parameters	  specified	   in	   the	   interface.	  A	  
detailed	  description	  of	  each	  agent	  group	  setup	  procedure	  is	  provided	  in	  Table	  5.	  
	  
Figure	  3:	  Main	  model	  initialization	  procedure	  
	  	  	  
Figure	  4:	  Example	  project	  size	  [1000	  CHF]	  distributions	  of	  private,	  commercial	  and	  public	  awarding	  
authorities	  
to setup
  set simulation time to the start year 
  set AAs` investment fractions, mean project investments and construction capacities
  set mean concrete mass per investment
  set the initial RMCM fraction and RMCM image 
  define agent numbers for agent initialization 
  setup awarding authorities
  setup architects 
  setup engineers
  setup contractors  
end
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Figure	  5:	  Structural	  engineering	  materialization	  of	  different	  construction	  categories	  (Own	  Figure,	  data	  
from	  FOEN	  (2008)	  and	  BfS	  (2008),	  rendered	  plausible	  with	  Lichtensteiger	  (2006)	  and	  	  Mauch	  &	  
Scheidegger	  (1996))	  
	  
	  
Figure	  6:	  structural	  engineering	  investment	  in	  different	  categories	  over	  time	  (Own	  graph,	  data	  from	  BfS	  
(2008))	  
Besides	   simulation	   start	   and	   end	   time,	   and	   switches	   for	   different	   model	   versions	   (e.g.	  
investment	  scenarios,	  price	  and	  usage	  sensitivity)	  a	  range	  of	  global	  (Table	  3)	  and	  agent	  specific	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parameters	   (Table	   4)	   are	   defined	   in	   the	   Netlogo	   interface	   which	   are	   used	   in	   the	   setup	  
procedures	   to	   initialize	   the	   model.	   They	   are	   the	   leavers	   to	   interfere	   with	   the	   model	   used	   in	  
different	   simulation	   experiments.	   For	   a	   better	   handling	   of	   experimental	   runs	   they	   are	   also	  
captured	  in	  the	  reference	  experiment	  procedure,	  which	  resets	  all	  the	  parameters	  to	  their	  default	  
values	  and	  does	  a	  new	  model	  setup.	  Many	  of	  them	  are	  already	  listed	  in	  the	  state	  variable	  lists	  in	  
section	  1.1.2.	  However	  for	  a	  better	  understanding	  of	  possible	  leavers	  and	  scenarios	  we	  provide	  
separate	  comprehensive	  tables	  of	  the	  interface	  parameters	  (Table	  3	  +	  Table	  4).	  
Table	  3:	  Global	  scenario	  parameters	  	  
Global	  parameters	   Default	  value	   Description	  and	  source	  
initial-­‐RMCM-­‐application	   0.08	   8	  %	  of	  the	  structural	  concrete	  decisions	  (Knoeri,	  et	  al.	  2011b)	  
RA-­‐substitution-­‐fraction	   0.25	   fraction	  of	  recycled	  aggregates	  substituted,	  two	  scenarios	  min	  25%	  and	  ref.	  40%	  (Knoeri	  et	  al.	  2012)	  
RC-­‐M-­‐fraction	   0.1	   fraction	  of	  recycled	  concrete	  which	  is	  RC-­‐M	  (all	  lean	  concrete	  +	  a	  10	  %	  fraction	  of	  the	  rest	  =>	  assumption)	  
recycling-­‐efficiency	   0.95	  
efficiency	  of	  the	  recycling	  process,	  fraction	  of	  C&D	  waste	  
usable	  as	  aggregates	  ca.	  95%	  after	  treatment	  (Knoeri,	  et	  
al.	  2012)	  
Percental-­‐RCtoCC-­‐price-­‐difference	  	   0	   By	  default	  set	  to	  equal	  prices	  although	  5%	  lower	  for	  recycled	  concrete	  (Knoeri,	  et	  al.	  2011b)	  
agents-­‐experience-­‐time	  	   5	   Number	  of	  years	  agent	  remember	  their	  actions	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Table	  4:	  Agents	  mean	  decision	  scenario	  parameters	  captured	  in	  the	  interface	  
Agents	  mean	  decision	  parameters	   Default	  value	   Description	  and	  source	  
private-­‐AA-­‐specification-­‐availability	   0.57	   Percentage	  where	  in	  AAs`	  project	  
specification	  sustainable	  construction	  
or	  RMCM	  is	  an	  available	  option	  
(Source:	  Knoeri	  et	  al.	  (2011b))	  
commercial-­‐AA-­‐specification-­‐availability	   0.42	  
public-­‐AA-­‐specification-­‐availability	   0.40	  
SustainableConstructionSpecification-­‐SocialAspects	  	   0.75	  
Mean	  AAs`	  project	  specification	  criteria	  
values	  (Source:	  Knoeri	  et	  al.	  (2011b))	  SustainableConstructionSpecification-­‐EconomicAspects	  	   0.75	  
SustainableConstructionSpecification-­‐EcologicalAspects	  	   0.75	  
PrivateProjectConfirmation-­‐RMCMExpectedPrices	  	   0.45	   Mean	  private	  AAs`	  project	  confirmation	  
criteria	  values	  (Source:	  Knoeri	  et	  al.	  
(2011b))	  
PrivateProjectConfirmation-­‐RMCMTechnicalAspects	  	   0.45	  
PrivateProjectConfirmation-­‐RMCMEcologicalAspects	  	   0.55	  
CommercialProjectConfirmation-­‐RMCMEconomicAspects	  	   0.45	   Mean	  commercial	  AAs`	  project	  
confirmation	  criteria	  values	  (Source:	  
Knoeri	  et	  al.	  (2011b))	  
CommercialProjectConfirmation-­‐RMCMTechnicalAspects	  	   0.50	  
CommercialProjectConfirmation-­‐RMCMEcologicalAspect	   0.50	  
PublicProjectConfirmation-­‐RMCMExpectedPrices	  	   0.40	   Mean	  public	  AAs`	  project	  confirmation	  
criteria	  values	  (Source:	  Knoeri	  et	  al.	  
(2011b))	  
PublicProjectConfirmation-­‐RMCMPolicy	  	   0.55	  
PublicProjectConfirmation-­‐RMCMImage	  	   0.50	  
PrivatTenderSelection-­‐RMCMEcologicalAspects	  	   0.60	  
Mean	  private	  AAs`	  tender	  selection	  
ecological	  aspects	  value	  (Source:	  
Knoeri	  et	  al.	  (2011b))	  
CommercialTenderSelection-­‐RMCMMarketability	  	   0.40	  
Mean	  commercial	  AAs`	  tender	  
selection	  marketability	  value	  (Source:	  
Knoeri	  et	  al.	  (2011b))	  
Engineers-­‐project-­‐spec-­‐sensitivity	  	   0.5	  
Engineers`	  probability	  to	  consider	  RMCM	  as	  an	  
option	  when	  the	  AA	  specified	  sustainable	  
construction	  (assumption)	  
engineers-­‐design-­‐specification-­‐probability	   0.1	  
Engineers`	  probability	  to	  consider	  RMCM	  on	  their	  
own	  (assumption:	  about	  the	  amount	  of	  initial	  rmcm	  
project	  decisions)	  
DesignSpecification-­‐RMCMExpectedPrices	  	   0.4	  
Mean	  engineers`	  design	  specification	  criteria	  values	  
(Source:	  Knoeri	  et	  al.	  (2011b))	  
DesignSpecification-­‐RMCMExperience	  	   0.4	  
DesignSpecification-­‐RMCMNorm	  	   0.45	  
Architects-­‐spec-­‐sensitivity	  	   0.5	  
Architects`	  probability	  to	  consider	  RMCM	  as	  an	  
option	  when	  the	  AA	  specified	  sustainable	  
construction	  or	  the	  engineer	  proposed	  RMCM	  
(assumption)	  
architects-­‐recommendation-­‐probability	   0.1	  
Architects`	  probability	  to	  consider	  RMCM	  on	  their	  
own	  (assumption:	  about	  the	  amount	  of	  initial	  rmcm	  
project	  decisions)	  
ProjectRecommendation-­‐RMCMExpectedPrices	  	   0.4	  
Mean	  architects`	  project	  recommendation	  criteria	  
values	  (Source:	  Knoeri	  et	  al.	  (2011b))	  
ProjectRecommendation-­‐RMCMImage	  	   0.45	  
ProjectRecommendation-­‐RMCMAesthetics	  	   0.35	  
contractors-­‐tender-­‐probability	  	   0.1	  
Contractors`	  probability	  to	  consider	  RMCM	  on	  their	  
own	  (assumption:	  about	  the	  amount	  of	  initial	  rmcm	  
project	  decisions)	  
TenderSubmission-­‐RMCMEconomicAspects	  	   0.5	  
Mean	  contractors`	  tender	  submission	  criteria	  values	  
(Source:	  Knoeri	  et	  al.	  (2011b))	  TenderSubmission-­‐RMCMExperience	  	   0.45	  
TenderSubmission-­‐RMCMTechnicalAspects	  	   0.4	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1.3.2. Input	  data	  
Besides	  the	  above	  described	  agents`	  decision	  making	  data	  used	  for	  the	  model	  initialization,	  the	  
model	   uses	   external	   data	   to	   represent	   two	   processes	   that	   change	   over	   time;	   (i)	   construction	  
investments	  driving	  the	  number	  of	  projects	  to	  be	  executed,	  and	  (ii)	  construction	  waste	  volumes	  
limiting	   the	   potential	   available	   amount	   of	   recycled	   aggregates.	   Both	   time	   series	  were	   derived	  
from	  power	  law	  trend	  extrapolations	  of	  available	  historical	  data	  (e.g.	  1995-­‐2008)	  until	  2050.	  This	  
ignores	   or	   levels	   out	   cyclic	   patterns	   observed	   in	   construction	   investments	   (Davis	  &	  Heathcote	  
2005;	   Suarezvilla	  &	  Hasnath	   1993).	  However,	   since	   the	  model	  was	   not	   aiming	   at	   representing	  
construction	   investments	   the	   simplification	   was	   accurate.	   Historical	   data	   for	   construction	  
investments	  are	  taken	  from	  the	  Swiss	  Federal	  Bureau	  of	  Statistics	  (BfS)	  annually	  taken	  building	  
and	  construction	  statistics	  (BfS	  2008).	  Data	  availability	  for	  construction	  waste	  volumes	  is	  rather	  
poor;	  therefore	  we	  draw	  upon	  updated	  model	  calculations	  from	  Wuest	  &	  Partner	  AG	  published	  
as	  Swiss	  Federal	  Office	   for	  the	  Environment	  reports	   (FOEN	  2001a,	  2001b,	  2008).	   In	  addition	  to	  
the	   trend	   extrapolation	   scenario	   a	   maximal	   and	   minimal	   construction	   investment/waste	  
scenario	  were	  simulated	  after	  2008.	  This	  presumes	   that	  demolition	  of	  buildings	   increases	  with	  
increasing	  investments,	  which	  is	  reasonable	  since	  highest	  construction	  investments	  are	  made	  in	  
the	  suburban	  and	  urban	  regions	   (BfS	  2008)	  where	  old	  buildings	  have	   to	  make	  room.	  Formulas	  
and	   parameters	   of	   the	   scenario	   functions	   are	   provided	   in	   Table	   5	   in	   the	   description	   of	   the	  
calculate-­‐investments-­‐and-­‐create-­‐projects	   and	   calculate-­‐RC-­‐supply	   procedures.	   	   The	   scenario	  
functions	  are	  displayed	  in	  Figure	  7	  and	  Figure	  8	  in	  relation	  to	  the	  historical	  data.	  
	  
Figure	  7:	  Construction	  investments	  trends	  and	  scenarios	  (2008-­‐2050)	  [Billion	  CHF]	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Figure	  8:	  Construction	  waste	  trend	  and	  scenarios	  (2008-­‐2050)	  [m3]	  
 
1.3.3. Submodels	  
Table	  5:	  Detailed	  pseudo	  code	  and	  mathematical	  description	  of	  the	  subroutines	  (commenting	  lines	  start	  
with	  a	  semicolon)	  
context	   (calling	  
procedure)	  
subroutine	  
(NetLogo	  name)	  
description	  	  
(equations	  and/or	  pseudo-­‐code,	  comments	  indicated	  with	  a	  semicolon)	  	  
observer	  	  
(setup)	  
setup-­‐awarding-­‐
authorities	  
;for	  each	  AA	  type	  	  
create	  initial	  number	  of	  AA	  [	  
	  	  	  set-­‐random-­‐agent-­‐position	  
	  	  	  set	  awarding-­‐authority-­‐type	  
	  	  	  draw	  construction-­‐capacity	  from	  a	  normal	  distribution	  
	  	  	  draw	  building-­‐radius	  from	  a	  poisson	  distribution	  
	  	  	  set	  specification-­‐option-­‐availability	  
	  	  	  set	  agent	  selection	  contact	  and	  reference	  weights	  
	  	  	  set	  project	  specification	  decision	  parameters	  
	  	  	  set	  project	  confirmation	  decision	  parameters	  
	  	  	  set	  tender	  selection	  decision	  parameters	  
]	  
Part	  C	  ‒	  Appendix	   	   	  183	  
 
 
context	   (calling	  
procedure)	  
subroutine	  
(NetLogo	  name)	  
description	  	  
(equations	  and/or	  pseudo-­‐code,	  comments	  indicated	  with	  a	  semicolon)	  	  
observer	  	  
(setup)	  
setup-­‐architects	  	   create	  initial	  number	  of	  architects	  [	  
	  	  	  set-­‐random-­‐agent-­‐position	  
	  	  	  draw	  rmcm-­‐experience	  from	  delimited-­‐random-­‐normal	  (initial	  RC	  application	  /	  0.2)	  
	  	  	  draw	  specification-­‐sensitivity	  from	  delimited-­‐random-­‐normal	  (0.5,	  0.2)	  
	  	  	  set	  project	  recommendation	  decision	  parameters	  [	  
	  	  	  	  	  	  draw	  all	  parameter	  from	  delimited-­‐random-­‐normal	  distributions	  
	  	  	  	  	  	  if	  price	  sensitive	  [adjust	  price	  criteria	  according	  to	  market	  price]	  
	  	  	  	  	  	  if	  image	  sensitive	  [adjust	  image	  criteria	  according	  to	  global	  image]	  
	  	  	  ]	  
]	  
observer	  	  
(setup)	  
setup-­‐engineers	   create	  initial	  number	  of	  engineers	  [	  
	  	  	  set-­‐random-­‐agent-­‐position	  
	  	  	  draw	  specification-­‐sensitivity	  from	  delimited-­‐random-­‐normal	  (0.5,	  0.2)	  
	  	  	  set	  design	  specification	  decision	  parameters	  [	  
	  	  	  	  	  	  draw	  all	  parameter	  from	  delimited-­‐random-­‐normal	  distributions	  
	  	  	  	  	  	  if	  price	  sensitive	  [adjust	  price	  criteria	  according	  to	  market	  price]	  
	  	  	  	  	  	  ]	  
]	  
observer	  	  
(setup)	  
setup-­‐contractors	   create	  initial	  number	  of	  contractors	  [	  
	  	  	  set-­‐random-­‐agent-­‐position	  
	  	  	  draw	  rmcm-­‐experience	  from	  delimited-­‐random-­‐normal	  (initial	  RC	  application	  /	  0.2)	  
	  	  	  draw	  specification-­‐sensitivity	  from	  delimited-­‐random-­‐normal	  (0.5,	  0.2)	  
	  	  	  set	  design	  specification	  decision	  parameters	  [	  
	  	  	  	  	  	  draw	  all	  parameter	  from	  delimited-­‐random-­‐normal	  distributions	  
	  	  	  	  	  	  if	  price	  sensitive	  [adjust	  price	  criteria	  according	  to	  market	  price]	  
	  	  	  	  	  	  ]	  
]	  
observer	  	  
(setup)	  
set-­‐random-­‐agent-­‐
position	  
while	  location	  assigned	  false	  [	  
	  	  	  draw	  random	  yx	  coordinates	  
	  	  	  if	  no	  agents	  at	  the	  xy	  position	  [	  
	  	  	  	  	  	  move	  agent	  to	  that	  position	  and	  set	  location	  assigned	  true]	  
]	  
observer	  	  
(various)	  
delimited-­‐random-­‐
normal	  
while	  value-­‐set	  false	  [	  
	  	  	  draw	  value	  from	  normal	  distribution	  with	  given	  mean	  and	  StD	  
	  	  	  if	  value	  between	  0	  and	  1	  [set	  value-­‐set	  true]	  
]	  
;delimits	  the	  draw	  from	  a	  random	  normal	  distribution	  near	  0	  to	  values	  between	  0	  and	  1	  
as	  required	  by	  the	  multi-­‐criteria	  decision	  analysis.	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context	   (calling	  
procedure)	  
subroutine	  
(NetLogo	  name)	  
description	  	  
(equations	  and/or	  pseudo-­‐code,	  comments	  indicated	  with	  a	  semicolon)	  	  
observer	  	  
(go)	  
calculate-­‐
investments-­‐and-­‐
create-­‐projects	  
set	  annual	  construction	  investment	  [Mio	  CHF]	  𝑖 𝑥 =   2.63𝐸 + 4   𝑥 − 1994 !.!"# ± 𝜀 𝑥 − 2008 !	  
with	  simulation	  year	  x,	  the	  scenario	  uncertainty	  term	    𝜀   =      𝑅𝑆𝑆  ×   𝑠 − 1 +  𝑘 	  	   	   	   	   	   and	   the	   residual	   sum	   of	   squares	   RSS,	   the	   scaling	   factor  𝑠 =    1𝐸 +24   and	  the	  general	  uncertainty	  constant	  𝑘 = 800.	  Power	  law	  trend	  exploration	  
from	  historical	  data	  1995	  –	  2008	  and	  investment	  scenarios	  after	  2008.	  
set	  private-­‐investment	  =	  𝑖	  (x)	  *	  private-­‐investment-­‐fraction	  
set	  commercial-­‐investment	  𝑖	  (x)	  *	  commercial-­‐investment-­‐fraction	  
set	  public-­‐investment	  𝑖	  (x)	  *	  public-­‐investment-­‐fraction	  
for	  each	  investment-­‐type	  (private,	  commercial	  and	  public)	  [	  
	  	  while	  [investment	  >	  0]	  [	  	  	  
	  	  	  	  create	  one	  project	  [	  
	  	  	  	  	  	  set	  construction-­‐year	  current	  year	  
	  	  	  	  	  	  set	  investor	  type	  
	  	  	  	  	  	  while	  [sum-­‐set	  =	  false][	  
	  	  	  	  	  	  	  	  set	  construction-­‐sum	  random-­‐normal	  mean,	  StD	  according	  to	  investor	  type	  
	  	  	  	  	  	  	  	  if	  construction-­‐sum	  >	  remaining	  investment	  [to	  the	  remaining	  money]	  	  
	  	  	  	  	  	  	  	  if	  construction-­‐sum	  >	  0	  [set	  sum-­‐set	  true]]	  ;	  ensure	  positive	  investments	  	  
	  	  	  	  	  	  reduce	  investment	  by	  the	  construction-­‐sum	  
	  	  	  	  ]	  	  	  
	  	  ]	  
]	  
observer	  	  
(go)	  
calculate-­‐RC-­‐supply	   set	  annual	  construction	  waste	  volume	  [m3]	  𝑤 𝑥 =   3.025𝐸 + 6   𝑥 − 1994 !.!!"#$ ± 𝜀 𝑥 − 2008 !	  
with	  simulation	  year	  x,	  the	  scenario	  uncertainty	  term	    𝜀   =      𝑅𝑆𝑆  ×   𝑠 − 1 +  𝑘 	  	   	   	   	   	   and	   the	   residual	   sum	   of	   squares	   RSS,	   the	   scaling	   factor  𝑠 =    1𝐸 +24   and	  the	  general	  uncertainty	  constant	  𝑘 = 800.	  Power	  law	  trend	  exploration	  
from	  historical	  data	  1995	  –	  2008	  and	  waste	  scenarios	  after	  2008.	  
set	  annual	  concrete	  rubble	  supply	  𝑠! 𝑥 = 𝑤 𝑥 𝐶!Ρ!𝑅	  and	  	  
annual	  mixed	  rubble	  supply	  𝑠! 𝑥 = 𝑤 𝑥 𝐶!Ρ!𝑅	  	  
with	   the	   waste	   fractions	   [%	   volume]	  𝐶! = 0.01524,𝐶! = 0.4444 	  and	   the	  
waste	  densities	  [t/m3]	  Ρ! = 2.4;   Ρ! = 1.632	  
Part	  C	  ‒	  Appendix	   	   	  185	  
 
 
context	   (calling	  
procedure)	  
subroutine	  
(NetLogo	  name)	  
description	  	  
(equations	  and/or	  pseudo-­‐code,	  comments	  indicated	  with	  a	  semicolon)	  	  
observer	  	  
(go)	  
distribute-­‐and-­‐
execute-­‐projects	  
;ensure	  enough	  construction	  capacity	  in	  the	  system	  
for	  all	  investor	  types	  (private,	  commercial	  and	  public)	  
	  	  	  while	  this	  year’s	  projects	  >	  construction	  capacity	  of	  investors	  [	  
	  	  	  	  	  	  increase	  the	  capacity	  of	  a	  random	  AA	  	  
	  	  ]	  
]	  
;distribute	  the	  projects	  to	  the	  AA	  and	  execute	  
for	  all	  this	  year’s	  projects	  [	  
	  	  	  assign	  to	  a	  random	  AA	  with	  construction	  capacity	  and	  matching	  investor	  type	  [	  
	  	  	  	  	  	  decrement	  his	  construction	  capacity	  
	  	  	  	  	  	  draw	  the	  material	  amount	  [t]	  from	  a	  normal	  distribution	  (mean	  252	  StD	  107)	  
	  	  	  	  	  	  [t/Mio	  CHF]	  times	  the	  project’s	  construction	  sum	  [Mio	  CHF]	  
	  	  	  	  	  	  if	  material	  amount	  <	  0	  [set	  material	  amount	  0]	  ;avoid	  negative	  amounts	  
	  	  	  	  	  	  move	  project	  to	  a	  free	  patch	  in	  the	  building	  radius	  around	  AA’s	  location	  
	  	  	  	  	  	  execute	  the	  project	  
	  	  	  ]	  
]	  
AA	  	  
(distribute-­‐and-­‐
execute-­‐
projects)	  
execute-­‐project	   make-­‐project-­‐specification	  	  
select-­‐engineer-­‐for-­‐design-­‐specification	  
select-­‐architect-­‐for-­‐project-­‐recommendation	  	  
make-­‐project-­‐confirmation	  
select	  3	  closest	  contractors	  as	  potential	  contractors	  for	  tendering	  	  
ask	  them	  to	  make-­‐an-­‐offer	  for	  this-­‐project]	  
make-­‐tender-­‐selection	  
;deduct	   the	  amount	  of	   rmcm	  applied	   from	  the	  available	  rmcm	  if	  still	  available,	  RC-­‐;M	  
fraction	   of	   RC	   with	   mixed	   rubble	   aggregates,	   density	   1.9	   tons	   (75%	   by	   weight)	  
;aggregates	  per	  m3	  concrete;	  10%	  overdose	  for	  RC-­‐C	  and	  20%	  for	  RC-­‐M	  
if	  RC	  is	  selected	  [	  	  
	  	  	  if	  enough	  of	  both	  rubble	  fraction	  is	  still	  available	  [demand	  the	  two	  fractions]	  
	  	  	  if	  only	  mixed	  rubble	  is	  available	  [demand	  all	  RC-­‐M]	  
	  	  	  if	  only	  concrete	  rubble	  available	  [demand	  all	  RC-­‐C]	  
	  	  	  if	  both	  unavailable	  [demand	  CC]	  
]	  
assign	  the	  material	  type	  applied	  to	  the	  project	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context	   (calling	  
procedure)	  
subroutine	  
(NetLogo	  name)	  
description	  	  
(equations	  and/or	  pseudo-­‐code,	  comments	  indicated	  with	  a	  semicolon)	  	  
AA	  	  
(execute-­‐
project)	  
make-­‐project-­‐
specification	  	  
	  
;if	  sustainable	  construction	  is	  an	  option	  
if	  a	  random	  float	  <	  specification	  option	  availability	  [	  	  
	  	  	  multi	  criteria	  decision,	  matrix	  multiplication	  𝑈 = 𝑉𝑊    providing	  the	  utility	  vector	  	  
	  	  	  𝑈 =    𝑢!"!𝑢!" =𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑠𝑢𝑠𝑡𝑎𝑖𝑛𝑎𝑏𝑙𝑒  𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛  𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛   𝑆𝐶𝑆𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙  𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛   𝐶𝑆   	  
	  	  	  by	  multiplying	  the	  option	  value	  matrix	  	  
	  	  	  𝑉 = 𝑣!"!,!! 𝑣!"!,!! 𝑣!"!,!!1 − 𝑣!"!,!! 1 − 𝑣!"!,!! 1 − 𝑣!"!,!!   	  
	  	  	  𝑤ℎ𝑒𝑟𝑒  𝑣!"!,!!  𝑖𝑠  𝑡ℎ𝑒  𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑     𝑏𝑒𝑡𝑤𝑒𝑒𝑛  0  𝑎𝑛𝑑  1   𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒    	  
	  	  	  𝑜𝑓  𝑡ℎ𝑒  𝑆𝐶𝑆  𝑜𝑝𝑡𝑖𝑜𝑛  𝑟𝑒𝑔𝑎𝑟𝑑𝑖𝑛𝑔  𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛  1 𝐶1 𝑖𝑛  𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛  𝑤𝑖𝑡ℎ  𝑡ℎ𝑒  𝐶𝑆  𝑜𝑝𝑡𝑖𝑜𝑛	  
	  	  	  with	  the	  criteria	  weight	  vector	  𝑊 =    𝑤!!𝑤!!𝑤!! =    𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑠𝑜𝑐𝑖𝑎𝑙  𝑎𝑠𝑝𝑒𝑐𝑡𝑠𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐  𝑎𝑠𝑝𝑒𝑐𝑡𝑠𝑤𝑒𝑖𝑔𝑡  𝑜𝑓  𝑒𝑐𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙  𝑎𝑠𝑝𝑒𝑐𝑡𝑠 	  	  
	  	  	  select	  the	  option	  with	  the	  highest	  utility]	  
else	  [select	  CS]	  
AA	  	  
(execute-­‐
project)	  
select-­‐engineer-­‐
for-­‐design-­‐
specification	  
select	  the	  5	  closest	  engineers	  out	  of	  18	  for	  design-­‐specification	  
get	   their	   personal	   contact	   values	  𝑐 𝐴𝐴! ,𝐸𝑛𝑔! , 𝑡 = !! !"#$%&'(  !"  !!!!"#!  !!!!!"#!!!!! !!"#$%&'  !"  !!!  !!!!!"#!!!   	  𝑤ℎ𝑒𝑟𝑒  𝑒𝑥𝑝: 𝑎𝑔𝑒𝑛𝑡𝑠  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒  𝑡𝑖𝑚𝑒	  
if	  sustainable	  construction	  was	  specified	  [	  
	  	  	  make	  multi	  criteria	  decision	  𝑆 = 𝑉𝑊    providing	  the	  selection	  vector	  	  
	  	  	  𝑆 =    𝑠!𝑠! = 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛  𝑣𝑎𝑙𝑢𝑒  𝑜𝑓  𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟  1𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛  𝑣𝑎𝑙𝑢𝑒  𝑜𝑓  𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟  𝑛   	  
	  	  	  by	  multiplying	  the	  option	  value	  matrix	  𝑉 = 𝑣!!,!! 𝑣!!,!!𝑣!",!! 𝑣!",!!   	  
	  	  	  𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔  𝑡ℎ𝑒  𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑠`  𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙  𝑐𝑜𝑛𝑡𝑎𝑐𝑡  𝑣𝑎𝑙𝑢𝑒𝑠  𝑣!",!! =  𝑐 𝐴𝐴! ,𝐸𝑛𝑔! , 𝑡   , 𝑎𝑛𝑑  	  
	  	  	  𝑡ℎ𝑒𝑖𝑟𝑠`  𝑠𝑢𝑠𝑡𝑎𝑖𝑛𝑎𝑏𝑙𝑒  𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒  𝑣𝑎𝑙𝑢𝑒𝑠  𝑣!",!!	  
	  	  	  with	  the	  criteria	  weight	  vector	  
	  	  	  𝑊 = 𝑤!!𝑤!! =    𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙  𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑠𝑢𝑠𝑡𝑎𝑖𝑛𝑎𝑏𝑙𝑒  𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛  𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠 	  	  
	  	  	  ask	  the	  engineer	  with	  the	  maximum	  value	  to	  make-­‐design-­‐specification	  
]	  
else	  [ask	  the	  engineer	  with	  the	  maximum	  contact	  value	  to	  make-­‐design-­‐specification]	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context	   (calling	  
procedure)	  
subroutine	  
(NetLogo	  name)	  
description	  	  
(equations	  and/or	  pseudo-­‐code,	  comments	  indicated	  with	  a	  semicolon)	  	  
Engineer	  	  
(select-­‐engineer-­‐
for-­‐design-­‐
specification)	  
make-­‐design-­‐
specification	  
if	  (SCS	  specified	  by	  the	  AA	  and	  a	  random	  float	  <	  specification	  sensitivity)	  	  
	  	  	  or	  (random	  float	  <	  specification-­‐probability	  (10%))	  [	  
	  	  	  make	  multi	  criteria	  decision	  𝑈 = 𝑉𝑊    providing	  the	  utility	  vector	  	  
	  	  	  𝑈 =    𝑢!"𝑢!! = 𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑  𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒   𝑅𝐶𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙  𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒   𝐶𝐶   	  
	  	  	  by	  multiplying	  the	  option	  value	  matrix	  	  
	  	  	  𝑉 = 𝑣!",!! 𝑣!",!! 𝑣!",!!1 − 𝑣!",!! 1 − 𝑣!",!! 1 − 𝑣!",!! 𝑣!",!!1 − 𝑣!",!!   	  
	  	  	  𝑤ℎ𝑒𝑟𝑒  𝑣!",!"   𝑖𝑠  𝑡ℎ𝑒  𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑     𝑏𝑒𝑡𝑤𝑒𝑒𝑛  0  𝑎𝑛𝑑  1   𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒    	  
	  	  	  𝑜𝑓  𝑡ℎ𝑒  𝑅𝐶  𝑜𝑝𝑡𝑖𝑜𝑛  𝑟𝑒𝑔𝑎𝑟𝑑𝑖𝑛𝑔  𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛  𝑖 𝐶𝑖 𝑖𝑛  𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛  𝑤𝑖𝑡ℎ  𝑡ℎ𝑒  𝐶𝐶  𝑜𝑝𝑡𝑖𝑜𝑛	  
	  	  	  with	  the	  criteria	  weight	  vector	  
	  	  	  𝑊 =    𝑤!!𝑤!!𝑤!!𝑤!! =   
𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝐴𝐴`𝑠  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑  𝑡𝑒𝑛𝑑𝑒𝑟  𝑝𝑟𝑖𝑐𝑒𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠  𝑎𝑛𝑑  𝑛𝑜𝑟𝑚𝑠 	  	  
	  	  	  set	  design	  specification	  to	  the	  option	  with	  the	  highest	  utility	  𝑢!	  	  
]	  
else	  [set	  design	  specification	  to	  CC]	  
AA	  	  
(execute-­‐
project)	  
select-­‐architect-­‐
for-­‐project-­‐
recommendation	  
select	  the	  5	  closest	  architects	  out	  of	  46	  for	  project-­‐recommendation	  	  
get	   their	   personal	   contact	   values	  𝑐 𝐴𝐴! ,𝐴𝑟𝑐ℎ! , 𝑡 = !! !"#$%&'(  !"  !!!!"#!!  !!!!!"#!!!!! !"#$%&'(  !"  !!!  !!!!!"#!!!   	  𝑤ℎ𝑒𝑟𝑒  𝑒𝑥𝑝: 𝑎𝑔𝑒𝑛𝑡𝑠  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒  𝑡𝑖𝑚𝑒	  
if	  sustainable	  construction	  was	  specified	  [	  
	  	  	  make	  multi	  criteria	  decision	  𝑆 = 𝑉𝑊    providing	  the	  selection	  vector	  	  
	  	  	  𝑆 =    𝑠!𝑠! = 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛  𝑣𝑎𝑙𝑢𝑒  𝑜𝑓  𝑎𝑟𝑐ℎ𝑖𝑡𝑒𝑐𝑡  1𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛  𝑣𝑎𝑙𝑢𝑒  𝑜𝑓  𝑎𝑟𝑐ℎ𝑖𝑡𝑒𝑐𝑡  𝑛   	  
	  	  	  by	  multiplying	  the	  option	  value	  matrix	  𝑉 = 𝑣!!,!! 𝑣!!,!!𝑣!",!! 𝑣!",!!   	  
	  	  	  𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔  𝑡ℎ𝑒  𝑎𝑟𝑐ℎ𝑖𝑡𝑒𝑐𝑡𝑠`  𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙  𝑐𝑜𝑛𝑡𝑎𝑐𝑡  𝑣𝑎𝑙𝑢𝑒𝑠  𝑣!",!! =  𝑐 𝐴𝐴! ,𝐴𝑟𝑐ℎ! , 𝑡   , 𝑎𝑛𝑑  	  
	  	  	  𝑡ℎ𝑒𝑖𝑟𝑠`  𝑟𝑚𝑐𝑚  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒  𝑣𝑎𝑙𝑢𝑒𝑠  𝑣!",!!	  
	  	  	  with	  the	  criteria	  weight	  vector	  𝑊 = 𝑤!!𝑤!! =    𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙  𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑟𝑚𝑐𝑚  𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠 	  	  
	  	  	  ask	  the	  architect	  with	  the	  maximum	  value	  to	  make-­‐project-­‐recommendation	  
]	  
else	   [ask	   the	   architect	   with	   the	   maximum	   contact	   value	   to	   make-­‐project-­‐
recommendation]	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context	   (calling	  
procedure)	  
subroutine	  
(NetLogo	  name)	  
description	  	  
(equations	  and/or	  pseudo-­‐code,	  comments	  indicated	  with	  a	  semicolon)	  	  
Architect	  
(select-­‐architect-­‐
for-­‐project-­‐
recommendatio
n)	  
make-­‐project-­‐
recommendation	  
if	  ((SCS	  is	  specified	  by	  the	  AA	  or	  RC	  by	  the	  architect)	  and	  (random	  float	  <	  specification	  
sensitivity))	  or	  (random	  float	  <	  specification-­‐probability	  (10%))	  [	  
	  	  	  make	  multi	  criteria	  decision	  𝑈 = 𝑉𝑊    providing	  the	  utility	  vector	  	  
	  	  	  𝑈 =    𝑢!"𝑢!! = 𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑  𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒   𝑅𝐶𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙  𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒   𝐶𝐶   	  
	  	  	  by	  multiplying	  the	  option	  value	  matrix	  	  
	  	  	  𝑉 =𝑣!",!! 𝑣!",!! 𝑣!",!!1 − 𝑣!",!! 1 − 𝑣!",!! 1 − 𝑣!",!! 𝑣!",!!1 − 𝑣!",!! 𝑣!",!!1 − 𝑣!",!!   	  
	  	  	  𝑤ℎ𝑒𝑟𝑒  𝑣!",!"   𝑖𝑠  𝑡ℎ𝑒  𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑     𝑏𝑒𝑡𝑤𝑒𝑒𝑛  0  𝑎𝑛𝑑  1   𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒    	  
	  	  	  𝑜𝑓  𝑡ℎ𝑒  𝑅𝐶  𝑜𝑝𝑡𝑖𝑜𝑛  𝑟𝑒𝑔𝑎𝑟𝑑𝑖𝑛𝑔  𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛  𝑖 𝐶𝑖 𝑖𝑛  𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛  𝑤𝑖𝑡ℎ  𝑡ℎ𝑒  𝐶𝐶  𝑜𝑝𝑡𝑖𝑜𝑛	  
	  	  	  with	  the	  criteria	  weight	  vector	  
	  	  	  𝑊 =    𝑤!!𝑤!!𝑤!!𝑤!!𝑤!! =   
𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝐴𝐴`𝑠  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑  𝑡𝑒𝑛𝑑𝑒𝑟  𝑝𝑟𝑖𝑐𝑒𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟`𝑠  𝑑𝑒𝑠𝑖𝑔𝑛  𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑟𝑚𝑐𝑚  𝑖𝑚𝑎𝑔𝑒𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑎𝑠𝑡ℎ𝑒𝑡𝑖𝑐𝑎𝑙  𝑎𝑠𝑝𝑒𝑐𝑡𝑠 	  	  
	  	  	  recommend	  the	  option	  with	  the	  highest	  utility	  𝑢!	  	  
]	  
else	  [recommend	  CC]	  
AA	  	  
(execute-­‐
project)	  
make-­‐project-­‐
confirmation	  
if	  (SCS	  specified	  by	  the	  AA)	  or	  (RC	  by	  the	  architect	  or	  the	  engineer)	  [	  
	  	  	  make	  multi	  criteria	  decision	  𝑈 = 𝑉𝑊    providing	  the	  utility	  vector	  	  
	  	  	  𝑈 =    𝑢!"𝑢!! = 𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑  𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒   𝑅𝐶𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙  𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒   𝐶𝐶   	  
	  	  	  by	  multiplying	  the	  option	  value	  matrix	  	  
	  	  	  𝑉 = 𝑣!",!! 𝑣!",!! 𝑣!",!!1 − 𝑣!",!! 1 − 𝑣!",!! 1 − 𝑣!",!! 𝑣!",!!1 − 𝑣!",!!   	  
	  	  	  𝑤ℎ𝑒𝑟𝑒  𝑣!",!"   𝑖𝑠  𝑡ℎ𝑒  𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑     𝑏𝑒𝑡𝑤𝑒𝑒𝑛  0  𝑎𝑛𝑑  1   𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒    	  
	  	  	  𝑜𝑓  𝑡ℎ𝑒  𝑅𝐶  𝑜𝑝𝑡𝑖𝑜𝑛  𝑟𝑒𝑔𝑎𝑟𝑑𝑖𝑛𝑔  𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛  𝑖 𝐶𝑖 𝑖𝑛  𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛  𝑤𝑖𝑡ℎ  𝑡ℎ𝑒  𝐶𝐶  𝑜𝑝𝑡𝑖𝑜𝑛	  
	  	  	  with	  the	  criteria	  weight	  vector	  
	  	  	  𝑊 =
   𝑤!!𝑤!!𝑤!!𝑤!! ;   𝑊 𝑝𝑟𝑖𝑣𝑎𝑡𝑒  𝐴𝐴
𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝐴𝑟𝑐ℎ𝑖𝑡𝑒𝑐𝑡`𝑠  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑟𝑒𝑐𝑜𝑚𝑚𝑒𝑛𝑑𝑎𝑡𝑖𝑜𝑛𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑  𝑡𝑒𝑛𝑑𝑒𝑟  𝑝𝑟𝑖𝑐𝑒𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙  𝑎𝑠𝑝𝑒𝑐𝑡𝑠𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑐𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙  𝑎𝑠𝑝𝑒𝑐𝑡𝑠   	  
	  	  	  𝑊 𝑐𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙  𝐴𝐴 𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝐴𝑟𝑐ℎ𝑖𝑡𝑒𝑐𝑡`𝑠  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑟𝑒𝑐𝑜𝑚𝑚𝑒𝑛𝑑𝑎𝑡𝑖𝑜𝑛𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐  𝑎𝑠𝑝𝑒𝑐𝑡𝑠𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙  𝑎𝑠𝑝𝑒𝑐𝑡𝑠𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑐𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙  𝑎𝑠𝑝𝑒𝑐𝑡𝑠   	  
	  	  	  𝑊(𝑝𝑢𝑏𝑙𝑖𝑐  𝐴𝐴)    𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝐴𝑟𝑐ℎ𝑖𝑡𝑒𝑐𝑡`𝑠  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑟𝑒𝑐𝑜𝑚𝑚𝑒𝑛𝑑𝑎𝑡𝑖𝑜𝑛𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑  𝑝𝑟𝑖𝑐𝑒𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑝𝑜𝑙𝑖𝑡𝑖𝑐𝑎𝑙  𝑎𝑠𝑝𝑒𝑐𝑡𝑠𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑟𝑚𝑐𝑚  𝑖𝑚𝑎𝑔𝑒   	  	  	  
	  	  	  set	  project	  confirmation	  to	  the	  option	  with	  the	  highest	  utility	  𝑢!	  	  
]	  
else	  [set	  project	  confirmation	  to	  CC]	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context	   (calling	  
procedure)	  
subroutine	  
(NetLogo	  name)	  
description	  	  
(equations	  and/or	  pseudo-­‐code,	  comments	  indicated	  with	  a	  semicolon)	  	  
Contractors	  
(execute-­‐
project)	  
make-­‐an-­‐offer	   if	   (RC	   specified	   in	   the	   tender	  documents)	   or	   (random	   float	   <	   specification-­‐probability	  
(10%))	  and	  recycled	  aggregates	  are	  still	  available	  [	  
	  	  	  make	  multi	  criteria	  decision	  𝑈 = 𝑉𝑊    providing	  the	  utility	  vector	  	  
	  	  	  𝑈 =    𝑢!"𝑢!! = 𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑  𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒   𝑅𝐶𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙  𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒   𝐶𝐶   	  
	  	  	  by	  multiplying	  the	  option	  value	  matrix	  	  
	  	  	  𝑉 = 𝑣!",!! 𝑣!",!! 𝑣!",!!1 − 𝑣!",!! 1 − 𝑣!",!! 1 − 𝑣!",!! 𝑣!",!!1 − 𝑣!",!!   	  
	  	  	  𝑤ℎ𝑒𝑟𝑒  𝑣!",!"   𝑖𝑠  𝑡ℎ𝑒  𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑     𝑏𝑒𝑡𝑤𝑒𝑒𝑛  0  𝑎𝑛𝑑  1   𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒    	  
	  	  	  𝑜𝑓  𝑡ℎ𝑒  𝑅𝐶  𝑜𝑝𝑡𝑖𝑜𝑛  𝑟𝑒𝑔𝑎𝑟𝑑𝑖𝑛𝑔  𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛  𝑖 𝐶𝑖 𝑖𝑛  𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛  𝑤𝑖𝑡ℎ  𝑡ℎ𝑒  𝐶𝐶  𝑜𝑝𝑡𝑖𝑜𝑛	  
	  	  	  with	  the	  criteria	  weight	  vector	  
	  	  	  𝑊 =    𝑤!!𝑤!!𝑤!!𝑤!! =   
𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑐𝑜𝑛𝑓𝑖𝑟𝑚𝑎𝑡𝑖𝑜𝑛  (𝑡𝑒𝑛𝑑𝑒𝑟  𝑑𝑜𝑐𝑢𝑚𝑒𝑛𝑡𝑠)𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐  𝑎𝑠𝑝𝑒𝑐𝑡𝑠𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙  𝑎𝑠𝑝𝑒𝑐𝑡𝑠 	  	  
	  	  	  set	  tender	  material	  type	  to	  the	  option	  with	  the	  highest	  utility	  𝑢!	  	  
]	  
else	  [set	  tender	  material	  type	  to	  CC]	  
;set	  tender	  price	  according	  to	  the	  chosen	  material	  and	  the	  global	  price	  difference	  
if	  tender	  material	  is	  RC	  [	  
	  	  	  	  	  draw	  the	  tender-­‐price	  from	  a	  delimited-­‐random-­‐normal	  distribution	  with	  the	  	  
	  	  	  	  	  mean	  (0.5	  -­‐	  Percental-­‐RCtoCC-­‐price-­‐difference)	  and	  the	  StD	  0.05	  ]	  
else	  [draw	  the	  tender-­‐price	  from	  a	  delimited-­‐random-­‐normal	  distribution	  with	  the	  	  
	  	  	  	  	  mean	  (0.5	  +	  Percental-­‐RCtoCC-­‐price-­‐difference)	  and	  the	  StD	  0.05]	  
;since	   prices	   are	   not	   real	   prices	   but	   a	   normalized	   price	   comparison	   a	   negative	  
;Percental-­‐RCtoCC-­‐price-­‐difference	  results	  in	  a	  higher/better	  tender-­‐price	  value	  
AA	  	  
(execute-­‐
project)	  
make-­‐tender-­‐
selection	  
if	  rmcm	  are	  specified	  in	  one	  of	  the	  tenders	  [	  
	  	  	  for	  all	  potential-­‐contractors	  [	  
	  	  	  	  	  	  if	  public	  AA	  [change	  criterium-­‐4	  to	  rmcm-­‐experience]	  	  
	  	  	  	  	  	  	  calculate	  their	  tender	  utility	  𝑈 = 𝑉𝑊    providing	  the	  utility	  vector	  	  
	  	  	  	  	  	  	  𝑈 =    𝑢!"𝑢!! = 𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑  𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒   𝑅𝐶𝑢𝑡𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙  𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒   𝐶𝐶   	  
	  	  	  	  	  	  by	  multiplying	  the	  option	  value	  matrix	  	  
	  	  	  	  	  	  𝑉 = 𝑣!",!! 𝑣!",!! 𝑣!",!!1 − 𝑣!",!! 1 − 𝑣!",!! 1 − 𝑣!",!! 𝑣!!,!!1 − 𝑣!",!!   	  
	  	  	  	  	  	  𝑤ℎ𝑒𝑟𝑒  𝑣!",!"   𝑖𝑠  𝑡ℎ𝑒  𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑     𝑏𝑒𝑡𝑤𝑒𝑒𝑛  0  𝑎𝑛𝑑  1   𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒    	  
	  	  	  	  	  	  𝑜𝑓  𝑡ℎ𝑒  𝑅𝐶  𝑜𝑝𝑡𝑖𝑜𝑛  𝑟𝑒𝑔𝑎𝑟𝑑𝑖𝑛𝑔  𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛  𝑖 𝐶𝑖 𝑖𝑛  𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛  𝑤𝑖𝑡ℎ  𝑡ℎ𝑒  𝐶𝐶  𝑜𝑝𝑡𝑖𝑜𝑛	  
	  	  	  	  	  	  with	  the	  criteria	  weight	  vector	  
	  	  	  	  	  𝑊 =    𝑤!!𝑤!!𝑤!!𝑤!! =
   𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑐𝑜𝑛𝑓𝑖𝑟𝑚𝑎𝑡𝑖𝑜𝑛  (𝑡𝑒𝑛𝑑𝑒𝑟  𝑑𝑜𝑐𝑢𝑚𝑒𝑛𝑡𝑠)𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑡𝑒𝑛𝑑𝑒𝑟  𝑝𝑟𝑖𝑐𝑒𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑎𝑟𝑐ℎ𝑖𝑡𝑒𝑐𝑡`𝑠  𝑝𝑟𝑜𝑗𝑒𝑐𝑡  𝑟𝑒𝑐𝑜𝑚𝑚𝑒𝑛𝑑𝑎𝑡𝑖𝑜𝑛𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑒𝑐𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙!"#$ ,𝑚𝑎𝑟𝑘𝑒𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦  !"#𝑜𝑟  𝑖𝑚𝑎𝑔𝑒  !"#𝑎𝑠𝑝𝑒𝑐𝑡𝑠 	  	  
	  	  	  ]	  
	  	  	  demand	  the	  materials	  offered	  from	  the	  contractor	  with	  the	  highest	  utility	  𝑢! 	  
else	  [demand	  CC	  offered	  from	  the	  contractor	  with	  the	  best	  price]	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context	   (calling	  
procedure)	  
subroutine	  
(NetLogo	  name)	  
description	  	  
(equations	  and/or	  pseudo-­‐code,	  comments	  indicated	  with	  a	  semicolon)	  	  
observer	  	  
(go)	  
set-­‐global-­‐demand-­‐
parameters	  
set	  AmountofCurrentRCapplied =this  year`s  projects  material  amounts  with  RC   [𝑡]	  
set	  AmountofCurrentCCapplied =this  year`s  projects  material  amounts  with  CC   [𝑡]	  
set	  CurrentFractionRCApplied =!"#$%&#'($))*%&+(,--./*0!"#$%&#'($))*%&+(,--./*0!  !"#$%&#'($))*%&((+,,-.*/    	  
set	  ProjectFractionRCApplied = !"#$  !"#$`&  !"#$%&'(  !"#$  !"!"#$  !"#$`&  !"#$%&'(   [%  by  number]	  
set	  𝑅𝑀𝐶𝑀𝑖𝑚𝑎𝑔𝑒 = CurrentFractionRCApplied	  
set	  𝐴𝑙𝑙𝑇𝑖𝑚𝑒𝑅𝐶𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =𝐴𝑙𝑙𝑇𝑖𝑚𝑒𝑅𝐶𝑎𝑝𝑝𝑙𝑖𝑒𝑑 +   AmountofCurrentRCapplied  [t]  	  
set	  𝐴𝑙𝑙𝑇𝑖𝑚𝑒𝐶𝐶𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =𝐴𝑙𝑙𝑇𝑖𝑚𝑒𝐶𝐶𝑎𝑝𝑝𝑙𝑖𝑒𝑑 +   AmountofCurrentCCapplied  [𝑡]	  
set	  GlobalFractionRCApplied = !""#$%&'()**"$&+!""#$%&'()**"$!"!!""#$%&''())"$&*   [%  by  mass]	  
observer	  
(go)	  
update-­‐awarding-­‐
authorities	  
for	  private	  AA	  [;set	  probabilistic	  building	  for	  private	  AA	  
	  	  	  draw	  new	  construction-­‐capacity	  from	  delimited-­‐random-­‐normal	  distribution	  
	  	  	  if	  random-­‐float	  1	  <	  construction-­‐capacity	  [set	  projects-­‐to-­‐do	  1]	  
	  	  	  else	  [set	  projects-­‐to-­‐do	  0]]	  
for	  commercial	  and	  public	  AA	  [reset	  projects-­‐to-­‐do	  to	  construction	  capacity]	  
for	  public	  AA	  [	  
	  	  	  draw	  image	  parameter	  from	  delimited-­‐random-­‐normal	  distribution	  with	  the	  	  
	  	  	  global	  RMCM-­‐image	  and	  a	  StD	  of	  0.15]	  
observer	  	  
(go)	  
update-­‐architect-­‐
properties	  
;update	  rmcm-­‐experience	  according	  to	  the	  materials	  applied	  in	  the	  last	  years	  (agents-­‐
experience-­‐time),	  experience	  is	  used	  for	  the	  architect	  selection	  
for	  all	  architects	  [	  	  	  	  
	  	  	  if	  any	  projects	  done	  at	  all	  then	  adjust	  the	  rmcm-­‐experience	  [	  
	  	  	  	  	  	  𝑒𝑥𝑝 𝑥 = exp 𝑥 − 1 !!   !"#"$%"&'  !""#$%&  !"  !"  !"#$%&'(  !"#!  !"!"#"$%"&'  !""#$%&  !"  !""  !"  !"#$%&'(  !!!"!#$%  !"  !""#$%!&$'(  !"#$%&'( 	  
	  	  	  	  	  	  𝑡ℎ𝑖𝑠  𝑖𝑠, 𝑎  𝑠𝑡𝑎𝑏𝑙𝑒  𝑅𝐶  𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛  𝑘𝑒𝑒𝑝𝑠  𝑡ℎ𝑒  𝑎𝑟𝑐ℎ𝑖𝑡𝑒𝑐𝑡𝑠`  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒  𝑠𝑡𝑎𝑏𝑙𝑒	  
	  	  	  	  	  	  delimit	  the	  experience	  to	  <	  1	  
	  	  	  ]	  	  	  	  	  	  
]	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context	   (calling	  
procedure)	  
subroutine	  
(NetLogo	  name)	  
description	  	  
(equations	  and/or	  pseudo-­‐code,	  comments	  indicated	  with	  a	  semicolon)	  	  
observer	  	  
(go)	  
update-­‐engineer-­‐
properties	  
;update	  design-­‐specification-­‐experience	   according	   to	   the	  materials	   applied	   in	   the	   last	  
years	  (agents-­‐experience-­‐time)	  
for	  all	  engineers	  [	  	  	  	  
	  	  	  if	  any	  projects	  done	  at	  all	  then	  adjust	  the	  design	  specification	  experience	  [	  𝑒𝑥𝑝 𝑥= exp 𝑥
− 1 1 + 1𝐸𝑚𝑝𝐸𝑥𝑝𝑤!"#    𝑚𝑎𝑡𝑎𝑟𝑖𝑎𝑙𝑠  𝑎𝑝𝑝𝑙𝑖𝑒𝑑  𝑖𝑛  𝑚𝑦  𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑠  𝑤𝑖𝑡ℎ  𝑅𝐶𝑚𝑎𝑡𝑎𝑟𝑖𝑎𝑙𝑠  𝑎𝑝𝑝𝑙𝑖𝑒𝑑  𝑖𝑛  𝑎𝑙𝑙  𝑚𝑦  𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑠  1 + 𝑖𝑛𝑖𝑡𝑎𝑙  𝑅𝐶  𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 	  
𝑤ℎ𝑒𝑟𝑒:𝐸𝑚𝑝𝐸𝑥𝑝  𝑖𝑠  𝑡ℎ𝑒  𝑚𝑒𝑎𝑛  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒  𝑓𝑜𝑢𝑛𝑑  𝑖𝑛  𝑡ℎ𝑒  𝑠𝑢𝑟𝑣𝑒𝑦	  𝑤!"#  𝑖𝑠  𝑡ℎ𝑒  𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙  𝑒𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑠`  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒  𝑤𝑒𝑖𝑔ℎ𝑡	  
This	   is,	   already	   RC	   experienced	   agents	   adjust	   slower	   and	   those	   giving	   more	  
importance	  on	   the	  experience	  adjust	  quicker.	   Since	   the	  mean	   initial	   experience	  
and	  the	  mean	  experience	  weight	  are	  in	  the	  same	  range	  on	  a	  population	  level	  they	  
compensate.	  
delimit	  the	  experience	  to	  <	  1	  
	  	  	  ]	  
]	  
observer	  	  
(go)	  
update-­‐contractor-­‐
properties	  
;update	   tender-­‐submission-­‐experience	   according	   to	   the	   materials	   applied	   in	   the	   last	  
years	  (agents-­‐experience-­‐time)	  
for	  all	  contractors	  [	  	  	  	  
	  	  	  if	  any	  projects	  done	  at	  all	  then	  adjust	  the	  tender	  submission	  experience	  [	    𝑒𝑥𝑝 𝑥= exp 𝑥
− 1 1 + 1𝐸𝑚𝑝𝐸𝑥𝑝𝑤!"#    𝑚𝑎𝑡𝑎𝑟𝑖𝑎𝑙𝑠  𝑎𝑝𝑝𝑙𝑖𝑒𝑑  𝑖𝑛  𝑚𝑦  𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑠  𝑤𝑖𝑡ℎ  𝑅𝐶𝑚𝑎𝑡𝑎𝑟𝑖𝑎𝑙𝑠  𝑎𝑝𝑝𝑙𝑖𝑒𝑑  𝑖𝑛  𝑎𝑙𝑙  𝑚𝑦  𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑠  1 + 𝑖𝑛𝑖𝑡𝑎𝑙  𝑅𝐶  𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 	  
𝑤ℎ𝑒𝑟𝑒:𝐸𝑚𝑝𝐸𝑥𝑝  𝑖𝑠  𝑡ℎ𝑒  𝑚𝑒𝑎𝑛  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒  𝑓𝑜𝑢𝑛𝑑  𝑖𝑛  𝑡ℎ𝑒  𝑠𝑢𝑟𝑣𝑒𝑦	  𝑤!"#  𝑖𝑠  𝑡ℎ𝑒  𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙  𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑜𝑟𝑠`  𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒  𝑤𝑒𝑖𝑔ℎ𝑡	  
This	   is,	   already	   RC	   experienced	   agents	   adjust	   slower	   and	   those	   giving	   more	  
importance	  on	   the	  experience	  adjust	  quicker.	   Since	   the	  mean	   initial	   experience	  
and	  the	  mean	  experience	  weight	  are	  in	  the	  same	  range	  on	  a	  population	  level	  they	  
compensate.	  
delimit	  the	  experience	  to	  <	  1	  
	  	  	  ]	  
]	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2. Part	  II:	  Supplementary	  simulation	  results	  information	  
2.1. Supporting	  Figures	  
	  
Figure	   9:	   Exemplified	  model	   view	   of	   a	   spatial	   demand	   pattern	   (the	   brighter	   the	   green	   the	   higher	   the	  
demand	  for	  recycling	  materials)	  from	  the	  simplest	  model	  version	  implemented	  (simple	  0.1)	  
	  
Figure	  10:	  Boxplot	  of	  the	  demand	  distribution	  measured	  by	  the	  fraction	  of	  recycling	  materials	  applied	  of	  
different	  model	  versions	  in	  comparison	  with	  the	  reported	  fraction	  for	  the	  current	  demand.	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Figure	   11:	   Sensitivity	   of	   the	   fraction	   of	   recycled	   concrete	   applied	   to	   changes	   in	   architects`	   and	  
engineers`	   recycling	   option	   awareness	   and	   their	   specification	   sensitivity	   (Architects’	   and	   engineers’	  
option	  awareness	  is	  increased	  from	  graph	  to	  graph,	  while	  their	  sensitivity	  to	  previous	  actors	  specifications	  
is	  displayed	  within	  each	  graph,	  the	  recycled	  concrete	  fraction	  represents	  mean	  values	  from	  20	  runs)	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2.2. Supporting	  Tables	  
Table	  6:	  Structural	  engineering	  C&D	  waste	  in	  %	  	  [m3]	  per	  waste	  origin	  (Data:	  FOEN	  (2008))	  
Waste	  origin	   Demolition	   New	  construction	  
Maintenanc
e	   Total	  
Concrete	  
rubble	  
Mixed	  
rubble	  
Concrete	   24.8%	   13.8%	   7.8%	   15.24%	   15.24%	   	  
Roads	  rubble	   19.6%	   26.2%	   8.2%	   14.17%	  
}	   44.4%	  Brick	  works	   31.3%	   8.4%	   10.7%	   19.01%	  
Mineral	  fraction	   5.8%	   5.3%	   16.4%	   11.22%	  
Asphalt	   1.0%	   1.0%	   2.5%	   1.76%	   	   	  
Combustible	  materials	   6.3%	   22.5%	   33.3%	   21.41%	   	   	  
Wood	   7.8%	   22.2%	   19.1%	   14.68%	   	   	  
Metals	   0.6%	   0.8%	   2.0%	   1.34%	   	   	  
Mixed	  materials	   2.8%	   0.0%	   0.0%	   1.17%	   	   	  
	  
	  
Table	  7:	  Construction	  waste	  density	  in	  	  [t/m3]	  per	  waste	  origin	  (Data:	  FOEN	  (2008))	  
Waste	  origin	   Demolition	   New	  construction	  
Maintenanc
e	   Total	  
Concrete	  
rubble	  
Mixed	  
rubble	  
Concrete	   2.400	   2.400	   2.400	   2.400	   2.400	   	  
Roads	  rubble	   1.600	   1.600	   1.600	   1.600	   	   	  
Brick	  works	   1.502	   1.507	   1.530	   1.511	   1.632	  
Mineral	  fraction	   1.711	   1.854	   1.926	   1.878	   	  
Asphalt	   1.600	   1.600	   1.600	   1.600	   	   	  
Combustible	  materials	   0.125	   0.127	   0.189	   0.176	   	   	  
Wood	   0.473	   0.578	   0.581	   0.557	   	   	  
Metals	   6.515	   6.171	   5.623	   5.798	   	   	  
Mixed	  materials	   1.600	   	   	   1.600	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Table	   1	  Concrete	  properties	  and	  minimum	  amount	  of	  cement	  by	  application	   [according	   to	  SN	  EN	  206-­‐1	  
(Appendix	  F)	  (2002)]	  
Application	  (own	  
specifications	  and	  
NPK	  class)	  
Expositi
on	  
	  class	  
Comprehensive	  
strength	  class	  
Minimum	  	  
cement	  content	  
(kg/m3)	  
Maximum	  	  
water-­‐cement	  	  
ratio	  
Uses	  exemplified	  
Outdoor	  concrete	  
(OC)	  (NPK	  C)	   XC3/4	   C30/37	   300	   0.50	  –	  0.55	  
Basement,	  garage,	  
floors,	  exterior	  
walls	  
Indoor	  concrete	  (IC)	  
(NPK	  A/B)	   XC1	   C25/30	   280	   	  0.60	  -­‐	  0.65	  
Indoor	  walls,	  
ceilings	  
Lean	  concrete	  (LC)	   XC0	   -­‐	   50	   -­‐	   Blinding	  concrete,	  subbases	  
	  
Table	  2	  Aggregates	  composition	  of	  mixed	  and	  concrete	  rubble	  aggregates	  (Rubli	  2011;	  Hoffmann	  2007)	  
Composition	  distribution	  	   Mixed	  rubble	  aggregates	  (%)	  
Concrete	  rubble	  
aggregates	  (%)	  	  
Natural	  grains	  (Ru)	  	   20	   10	  
Concrete	  grains	  (Rc)	  	   60	   90	  
Clay	  grains	  (Rb)	  	   20	   0	  
	  
Table	   3	   Composition	   of	   concrete	   and	   mixed	   rubble	   (Fractions	   distribution	   Eberhard	   (2011)	   and	   FOEN	  
(2001),	  iron	  content	  (Doka	  2007)	  and	  foreign	  substances	  content	  (Hächler	  2005))	  
Type	  of	  rubble	  
Fractions	  distribution	  (M.%)	   Other	  substances	  content	  (M.	  
%)	  
Waste	  concrete	  
not	  reinforced	  
Waste	  reinforced	  
concrete	  
Waste	  	  
brick	  
Foreign	  
substances	  
Iron	  
Concrete	  rubble	   28.5	   66.5	   5	   0.26	   2	  
Mixed	  rubble	   21	   49	   30	   0.72	   1.47	  
	  
Table	  4	  Reference	  distances	  and	  transport	  scenarios,	  by	  element	  and	  transport	  stage	  (Reference	  distances	  
from	  average	  data	  in	  bold	  (Gschoesser	  2011)	  and	  reference,	  best	  and	  worst	  case	  scenarios	  for	  C&D	  waste	  
to	  recycling	  plant	  and	  landfill,	  recycled	  aggregates	  and	  concrete	  to	  construction	  site)	  
in
de
x	  
Transported	  element	   Transport	  stages	   Reference	  distances	  
(km)	  
Transport-­‐scenarios	  
Best	  case	  	  
for	  RC	  
Worst	  case	  	  
for	  RC	  
From	   To	   Lorry28t	   Rail	   Ship	   Lorry	  28t	   Lorry	  28t	  
T1	   Natural	  aggregates	   Gravel	  pit	   Concrete	  plant	   15	   25	   3	   	   	  
T2	   Cement	   Cement	  plant	   Concrete	  plant	   20	   55	   0	   	   	  
T3	   Additive	  	   Additive	  plant	   Concrete	  plant	   85	   	   	   	   	  
T4	   Filler	  (fly	  ash)	   	   Concrete	  plant	   50	   	   	   	   	  
T5	   C&D	  waste	   Demolition	   Recycling	  plant	   15	  a,	  b	  	   c	   	   5	   25	  
T6	   Rec.	  aggregates	   Recycling	  plant	   Concrete	  plant	   0	   	   	   0	   15	  
T7	   Concrete	   Concrete	  plant	   Construction	  site	   15	   	   	   5	   25	  
T8	   C&D	  waste	   Demolition	   Landfill	   30	  b	   	   	   60	   15	  
a	   Although	   the	  average	  distance	  was	  17	   km	   (Gschösser,	   2011),	   for	   comparability	   reasons	   in	   the	  analysis	   the	  15	   km	  
from	  ecoinvent	   database	  were	   considered	   .	   b	  Since	   landfills	   are	   further	   away	   of	   the	   large	   C&D	  waste	   sources	   than	  
recycling	  plants,	   the	  corresponding	   transport	  distances	  are	  higher	   (Gschösser,	  2011;	  Eberhard,	  2011;	  Rubli,	  2011).	   c	  
Rail	  distance	  for	  recycled	  aggregates	  is	  neglected,	  as	  it	  is	  only	  0.4	  km	  (Gschösser,	  2011).	  	  
Table	  5	  Life	  Cycle	  Inventories	  (LCI)	  for	  outdoor	  concrete	  mixtures,	  by	  option	  and	  recycling	  scenario	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a	  Since	  two	  types	  of	  cement	  (i.e.	  Portland	  cement	  CEM	  I	  42.5	  and	  Portland	  calcareous	  CEM	  II)	  are	  investigated,	  the	  denominations	  
are	  extended	  with	  the	  cement	  considered	  (e.g.	  IC-­‐CC	  	  Portland	  42.5	  or	  IC-­‐CC	  Portland	  calcareous)	  
Table	  6	  Life	  Cycle	  Inventories	  (LCI)	  for	  indoor	  concrete	  mixtures,	  by	  option,	  recycling	  scenario	  and	  life	  
cycle	  stage	  
 
a	  Since	  two	  types	  of	  cement	  (i.e.	  Portland	  cement	  CEM	  I	  42.5	  and	  Portland	  calcareous	  CEM	  II)	  are	  investigated,	  the	  denominations	  
are	  extended	  with	  the	  cement	  considered	  (e.g.	  IC-­‐CC	  	  Portland	  42.5	  or	  IC-­‐CC	  Portland	  calcareous)	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Table	  7	  Life	  Cycle	  Inventories	  (LCI)	  for	  lean	  concrete	  mixtures,	  by	  option,	  recycling	  scenario	  and	  life	  cycle	  
stage	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Table	  8	  Minimum	  and	  reference	  scenario	  environmental	  benefits	  (Ecological	  Scarcity,	  Ecoindicator,	  GWP	  
and	  ADP)	  for	  recycled	  options,	  by	  application	  and	  recycled	  concrete	  type	  for	  Portland	  Cement	  42.5	  
mixtures,	  CEM1	  indicates	  equal	  cement	  amount	  as	  CC,	  CEM2	  the	  medium	  additional	  cement	  scenario	  (e.g.	  
CEM310	  for	  OC)	  and	  CEM3	  the	  maximum	  additional	  cement	  scenario	  (e.g.	  CEM340	  for	  IC	  RC-­‐Mref)	  	  
 
Table	  9	  Minimum	  and	  reference	  scenario	  environmental	  benefits	  (Ecological	  Scarcity,	  Ecoindicator,	  GWP	  
and	  ADP)	  for	  recycled	  options,	  by	  application	  and	  recycled	  concrete	  type	  for	  Portland	  cement	  calcareous	  
mixtures,	  CEM1	  indicates	  equal	  cement	  amount	  as	  CC,	  CEM2	  the	  medium	  additional	  cement	  scenario	  (e.g.	  
CEM310	  for	  OC)	  and	  CEM3	  the	  maximum	  additional	  cement	  scenario	  (e.g.	  CEM340	  for	  IC	  RC-­‐Mref)	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Fig.	  1	  Structural	  concrete	  abiotic	  depletion	  potential	  (ADP)	  [kg	  SO2	  eq	  /	  m
3	  concrete]	  and	  global	  warming	  
potential	  (GWP)	  [kg	  CO2	  eq	  /	  m
3	  concrete]	  of	  recycling	  and	  conventional	  concrete	  mixtures	  (dark	  coloured	  
bars	   indicate	   CC,	   light	   coloured	   bars	   RC	   mixtures,	   blue	   bars	   indicate	   concrete	   mixtures	   with	   Portland	  
cement	  calcareous	  and	  red	  bars	  mixtures	  with	  Portland	  42.5.	  
	  
Fig.	   2	  Lean	  concrete	  ecoindicator	  99	  [Pt	  /	  m3	  concrete]	  and	  ecological	  scarcity	  2006	  [GPt	  /	  m3	  concrete]	  
endpoint	  results	  for	  recycling	  and	  conventional	  concrete	  mixtures	  (Midpoint	  impacts	  are	  colour	  indicated	  
for	  each	  of	  the	  two	  impact	  assessment	  methods)	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Fig.	   3	   Lean	   concrete	   abiotic	   depletion	   potential	   (ADP)	   [kg	   SO2	   eq	   /	   m
3	   concrete]	   and	   global	   warming	  
potential	   (GWP)	   [kg	   CO2	   eq	   /	  m
3	   concrete]	   of	   recycling	   and	   conventional	   concrete	  mixtures	   (dark	   blue	  
colour	  bars	  indicate	  CC,	  light	  blue	  coloured	  bars	  RC	  mixtures)	  
	  
Fig.	  4	  Comparison	  of	  the	  environmental	  burdens’	  distribution	  of	  one	  RC-­‐C	  mixture	  (OC	  RC-­‐Cmin,	  CEM300,	  
Portland	   42.5)	   with	   the	   corresponding	   CC	   mixture	   (OC	   CC,	   Portland	   42.5),	   for	   Ecological	   Scarcity	   2006	  
midpoints.	  (To	  eliminate	  the	  influence	  of	  the	  cement	  and	  transport,	  mixtures	  having	  the	  same	  amount	  and	  
type	  of	  cement	  have	  been	  chosen	  and	  transport	  distances	  were	  kept	  to	  the	  reference	  scenario)	  
 
	  
	  
Fig.	   5	   Indoor	   concretes’	   GWP	   [kg	   CO2	   eq	   /	   m
3	   concrete]	   sensitivity	   to	   additional	   cement	   content	   for	  
recycling	   concrete	   (RC)	   (solid	   lines	   and	   rhomboid	   markers	   indicate	   concrete	   mixtures	   with	   Portland	  
cement	  42.5	  and	  dotted	  lines	  and	  circled	  markers	  indicate	  concrete	  with	  calcareous	  cement)	  
180	  
200	  
220	  
240	  
260	  
280	  
300	  
275	   280	   285	   290	   295	   300	   305	  
In
do
or
	  c
on
cr
et
e	  
GW
P	  
10
0y
	  [k
g	  
CO
2	  e
q]
	  
Cement	  amount	  (kg)	  
RC-­‐C	  
180	  
200	  
220	  
240	  
260	  
280	  
300	  
270	   285	   300	   315	   330	   345	   360	  
GW
P	  
10
0y
	  [k
g	  
CO
2	  
eq
]	  
Cement	  amount	  (kg)	  
RC-­‐M	  
24kg	   36kg	  
Part	  C	  ‒	  Appendix	   	   	  203	  
 
 
	  
Fig.	  6	  Avoided	  burden	  contributions	  to	  mixed	  rubble	  aggregates	  from	  C&D	  waste	  for	  ecoindicator	  99	  and	  
ecological	  scarcity	  2006	  midpoints	  
	  
Fig.	   7	   Sensitive	   analysis	   of	   the	   variation	   of	   the	   percentage	   of	   reinforced	   concrete	   fraction	   in	   the	   C&D	  
waste	  composition	  for	  RC-­‐C	  outdoor	  concrete	  options	   (OC	  RC-­‐Cmin	  320	  (max)	  and	  OC	  RC-­‐Cref	  300	  (min)	  
mixtures	  showed	  maximum	  and	  minimum	  values,	  respectively,	  delimiting	  the	  range	  of	  variation.)	  	  
Fig.	  7:	  Sensitivity	  analysis	  of	  C&D	  waste	  composition:	  We	  analysed	  the	  best	  (OC	  RC-­‐Cref	  300)	  and	  
worst	  (OC	  RC-­‐Mmin	  320)	  performing	  mixture	  with	  0%,	  the	  reference	  scenario	  70%,	  and	  100%	  of	  
reinforced	   concrete	   in	   the	   C&D	  waste	   concrete	   fraction	   and	   compared	   the	   results	  with	   CC	   at	  
endpoint	   level.	   For	   excluding	   transport,	   cement	   type	   and	   application	   effects,	   we	   compared	  
reference	   transport	   distances	   and	  mixtures	   with	   Portland	   42.5	   cement	   for	   outdoor	   concrete.	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Except	  for	  GWP	  all	  RC	  mixtures	  indicators	  show	  lower	  environmental	  impacts	  than	  CC.	  The	  worst	  
RC	  mixture	  has	  equal	  GWP	  at	  55%	  reinforced	  concrete	   in	   the	  C&D	  waste	  concrete	   fraction;	  at	  
reference	  C&D	  waste	  composition	  this	  RC	  mixture	  still	  causes	  slightly	  lower	  GWP	  than	  CC.	  	  
Fig.	  8:	  Comparison	  of	  RC	  with	  an	  iron	  scrap	  extraction	  system:	  The	  “iron	  scrap	  extraction”	  system	  
assumes	   C&D	   waste	   treatment	   similar	   to	   the	   recycling	   system	   but	   without	   utilization	   of	   the	  
mineral	   fraction.	   The	   system	   includes	  dismantling,	   sorting	  and	   crushing	  of	  C&D	  waste	  and	   the	  
avoided	   burdens	   from	   recovered	   steel	   scrap,	   but	   not	   avoiding	   the	   burdens	   of	   C&D	   waste	  
landfilling.	   We	   compared	   RC-­‐C	   mixtures	   with	   Portland	   42.5	   cement	   for	   outdoor	   concrete	  
applications	   with	   reference	   transport	   distances.	   Because	   of	   different	   amounts	   of	   aggregates	  
substituted	   in	   the	  RC-­‐C	  mixtures	   (i.e.	  min	  28%,	   ref	  45%),	   two	  CC	   iron	  extraction	   systems	  have	  
been	  analysed,	  one	  each	  with	  the	  corresponding	  amount	  C&D	  waste	   for	   iron	  extraction.	  Fig.	  8	  
shows	   the	   results	   for	   abiotic	   depletion	   potential	   (ADP)	   and	   global	   warming	   potential	   (GWP	  
100y),	   as	   midpoints,	   and	   ecological	   scarcity	   2006	   (EC	   2006)	   and	   ecoindicator	   99	   (EI	   99),	   as	  
endpoints.	  The	  comparison	  show	  clear	  environmental	  benefits	  for	  EC	  2006,	  EI99	  and	  ADP,	  while	  
for	  GWP	  RC-­‐C	  mixtures	  and	  the	  CC	  iron	  extraction	  system	  are	  on	  the	  same	  level.	  Again,	  the	  more	  
aggregates	  substituted	  the	  better	  the	  environmental	  performance	  of	  RC-­‐C	  mixtures.	  
	  
Fig.	  8	  Comparison	  of	  RC-­‐C	  option	  for	  outdoor	  concrete	  with	  a	  CC	  system	  with	  iron	  scrap	  extraction	  from	  
C&D	  waste	  for	  abiotic	  depletion	  potential	  (ADP)	  and	  global	  warming	  potential	  (GWP	  100y),	  as	  midpoints,	  
and	   ecological	   scarcity	   2006	   and	   ecoindicator	   99,	   as	   endpoints	   (dark	   coloured	   bars	   indicate	   CC,	   light	  
coloured	  bars	  RC	  mixtures,	  red	  bars	  indicate	  mixtures	  with	  minimal	  and	  blue	  bars	  mixtures	  with	  reference	  
aggregates	  substitution)	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